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Composite Structures Offshore

Jerry G. Williams
Composites Engineering & Applications Center For Petroleum E&P
University of Houston

Abstract

Major oif companies, composite product manufacturers, oil service companies, and
regulatory agencies have worked together over the last ten years in a low-key, but
concentrated effort to advance composites technology and make composites a viable
option for oil industry applications. The technology has advanced significantly in recent
years and lightly-loaded secondary structures such as low-pressure fiberglass pipe,
gratings, and secondary sfructure are now routinely used in demanding offshore
applications. Some applications in service, such as firewater ring mains and deluge
pipe, are extremely safety critical and demanding tests and guidelines have been
specified to insure their safe performance. Longer range, advanced composite
applications are being developed to meet the demanding structural performance
requirements imposed by deepwater developments including production and drilling
risers, high-pressure spoolable pipe, pressure vessels, mooring repes and tethers. An
integral part of the successful introduction of high performance composites into offshore
service is development of the supporting technology to insure safe and reliable
performance and to define appropriate qualification tests, specifications and guidelines.

Corrosion resistance and weight control are the two primary factors motivating the
interest and use of composite components offshore, however, several other assets
characteristic of composites also provide benefits. Perhaps less recognized are some
of the safety and environmental benefits composites provide. In a fire the low thermal
conductivity of composites retards the rate of heat transfer, thus slowing the rise in
temperature across walls or into conveyed fluids, and composite structures do not
require toxic chemical corrosion inhibitors. Workers in both the construction phase and
the operational phase typically prefer composites to metals for their human faciors
benefits including easier handling and reduced personal fatigue. Significant
advancements have been made in recent years in material formulations and fabrication
processes and in the analytical methods used to design composites and predict their
performance and reliability. Material suppliers and composite manufacturers have
developed advanced resins which are improving performance and safety. For example,
phenolic resin which in a fire exhibits low smoke and toxicity has traditionally been
difficult to fabricate. Phenolic resin filament wound pipe and pultruded fiberglass grating
products, however, have been successfully developed in recent years and are currently
in service offshore. Structurally demanding applications such as a riser tensioner, high-
pressure accumulator bottle constructed of a hybrid combination of carbon and glass
fibers and epoxy resin have also been recently introduced offshore. Hybrid construction
combining difference materials to achieve the required structural performance while
minimizing cost is another of the design flexibilities inherent in composites. The talk
provides a background on composites with an overview of components currently used
on offshore platforms and highlights proposed advanced applications under
development. A few figures from the talk are presented on the following page.
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Composite Material Experience on Shell GOM TLP's

R.M. Rainey
Staff Facilities Engineer
Shell Deepwater Development

Abstract

This presentation will review the current application of composite materials on Shell Gulf
of Mexico Tension Leg Platforms (TLP). Starting with the Mars TLP, Shell significantly
increased the use of composites. Many of these were first time applications for Shell
and the industry. The keys to successful conversion from standard solutions to
composite materials will be discussed. In addition to reviewing current use, this
presentation will also identify several future opportunities for composites on topside
facilities.

Composite materials have been shown to offer several benefits to deepwater facilities.
These include improved safety, total life cycle cost savings, reduced downtime, weight
reduction, and reduced fabrication time.

Composite materials can improve safety in several ways. An example to be discussed is
composite grating. It provides improved walking surfaces with better traction and less
fatigue. During fabrication, compaosite grating can be installed earlier in the construction
sequence to provide safer work surfaces for fabrication crews. The grating weighs
approximately 1/3 of the weight of steel grating and therefore is easier and safer to
install. This requires less people and equipment for installation. Due fo its corrosion
resistance, composite grating can be expected to last several times longer than steel
grating. This can provide safe walking surfaces for decades with little or no
maintenance. In case a repalr is required, it can be made easier than steel and without
hot work.

One of the primary drivers for the use of composite materials in deepwater applications
is the significant weight reduction. In general, composites weigh 1/3 to 1/2 the weight of
comparable steel components. This becomes significant when dealing with floating
structures such as TLP's. Many studies have reported the total cost to support topsides
payload to range from $1 - 4 per pound. In many cases, the cost to float a component
can be more than the cost of fabrication for the component. This provides a significant
and permanent shift in deepwater economics towards composites and other light weight
materials. This shift in economics along with the realization that composites positively
influence other key variables such as safety, cycle time, and downtime is expected to
increase their use on deepwater structures.

There are many opportunities for composites that can be envisioned in the next several
years. The largest area is in structural components such as secondary deck beams,
access platforms, hand rails, ladders, and, overboard casings and puli tubes. Piping
also has saveral opportunities for expanded use in firewater systems, bilge and ballast,
utility, produced water, and even low pressure process systems. Other opportunities
include firewalls and fire protection systems as well as drilling equipment.



In summary, Shell has several very successful composite applications on numerous
TLP's. Composites have proven to be cost effective as well as offering other significant
benefits including safety. Composites have numerous opportunities on future topsides
and this will be enhanced by the weight savings for floating deepwater structures.




Fiberglass Pipe Standards And Specifications

Joie L. Folkers — Engineering Manager
Ameron International - Fiberglass Pipe Division, the Americas

Abstract

This presentation will review the most prominent reguiatory agency specifications
currently followed in the use and evaluation of fiberglass pipe in marine and offshore
applications. [n addition, specifications written by major oil companies will be reviewed.
Comparisons and contrasts will be highlighted with the intent to promote the drafting and
adoption of a universal, comprehensive specification.

A cursory summary will be given in a handout and a list of references provided.

Issues which need to be addressed on an industry-wide, global basis include pressure
rating, fire endurance, fire reaction (flame spread and smoke generation) and electrical
conductivity. The existing specifications have been written independently and are,
consequently, not compatible.

A description of documents currently being drafted by ASTM and I1ISO committees will be
given. The structure of a preferred specification, incorporating aspects of IMO and
UKOOA documents will be proposed.

Significant input has been received from the U. S. Coast Guard, through an effort of a
task force of the Composites Engineering and Applications Center (CEAC) from the
University of Houston, in developing this approach.

Fiberglass pipe has outstanding thermal characteristics, making it a product to be
considered for a broader range of services. A description of these characteristics and a
challenge to recognizing their enhancement to safety and reliability will be given.




Designing With Composites

Ozden O. Ochoa
Offshore Technology Research Center
College Station, TX 77845

Ahstract

Comprehensive mechanical and material behavior characterization is essential
for robust design tools that reflect the actual service conditions for the composite
structures. Fundamental issues of processing, manufacturing in relation to design and
analysis will be presented from three different perspectives; service environment, testing
rationale and computational simulations. Advantages associated with this approach
include greater accessibility to design parameters, reduced computational demands, and
the ability to customize and diversify. Furthermore, the methodology developed allows
the designer to assess the impact of constituents on processing and global response.

The major issues addressed at laminate, lamina and constituent scales are; (i)
the layup and fiber orientation to develop a robust and economical reinforcement
architecture, (ii) response to combined loads, and (iii) hygrothermal effects, and (iv)
residual stresses due to processing. Detailed structural response including hygrothermal
loads are best-simulated finite element technique utilizing special user elements and
user material models with progressive damage criteria. At the lamina and micro scales,
as needed, the damage initiation and growth must be modeled with nonlinear material
and geometry considerations. The material and mechanical characteristics for
generating realistic design allowables may require non-standard tests in addition to
conventional ones at multiple scales. Furthermore, the advanced computational tools
that are necessary for capturing the anisofropic response need to be robust and simple.

Multidisciplinary and concurrent methodology has the potential of empowering
the designer, the materials and manufacturing engineer by enabling the flow of
continuous and interactive feedback throughout the development; from the initial to the
final stages of testing and evaluation. Such an interaction demands a thorough
understanding of anisotropic material behavior. The coupling of the design of these
novel materials simultaneously with the structures that offer unique mechanical and
physical properties tead to challenging optimization scenarics. Selected examples from
sutomotive, serospace and offshore applications will be used to illustrate the
interdisciplinary and integrated approach of designing with composites.



Synthetic Fiber Moorings

Ray Ayers
Shell E&P Technology Company

Abstract

in terms of performance and cost, polyester taut line mooring systems are being
considered as superior to conventional mooring systems for mooring floating production
units in the deeper waters of the Gulf of Mexico (GOM). In recent years, starting with the
Fibre Tethers 2000 Joint Industry Program in 1995, the use of polyester fibers for
mooring ropes has been recognized as the most cost effective synthetic fiber of those
studied, and polyester shouid be the fiber of choice for mooring the first deepwater
productionsystems in the GOM. Steel wire rope and chain mooring systems become
less cost effective in water depths of perhaps 1500 meters and more.

At issue is that oil companies need assurance that the polyester moorings will be
sufficiently robust, and will have sufficient durability for a life of 20 years or more, as
required for a permanent mooring system. Of major concern is hurricane damage in the
GOM. Petrobras is presently using polyester taut line mocring systems, but their
regulatory and environmental conditions differ from those in the GOM.

in QOctober of 1998 the DeepStar Joint Industry Program funded a research project {rt})
to critically review ail of the relevant work that has been done (principally in Europe) and
determine what key issues remain for deploying polyester taut line mooring systems in
the GOM. Shell E&P Technology Company is the contractor for this work, with
subcontracted assistance from Stress Engineering Services. This paper contains a brief
description of work in progress on that project.

Other DeepStar projects on synthetic moorings currently in progress, and reported
separafely at this conference, are: (a) "DeepStar Polyester Taut Leg Mooring System
Test", which describes an evaluation of the recovered test mooring which was in place
for several vears near the Shell Auger TLP, and (b) "Development of APl RP 25M",
which concerns development of a recommended practice on synthetic (not just
polyester) moaoring systems for the GOM.

This paper will present our current knowledge of the key issues which must be
addressed in a mooring system design. Our scope is limited to permanently moored
production systems, but many of the issues discussed are shared with those of
ternporary fiber rope mooring systems for mobile offshore drilling units (MODUs). In
MODUs, rope handling is more of an issue because rope segments are reused from
drilling site te drilling site, and the long-term fatigue life is a lesser issue.



RELIABILITY AND RISK ASSESSMENT OF
OFFSHORE STRUCTURAL COMPOSITE COMPONENTS

Professor S. S. Wang

Composites Engineering and Applications Center (CEAC), and
Department of Mechanical Engineering
University of Houston
4800 Calhoun Road
Houston, TX 77204-4792

Abstract

Advanced fiber composite materials are currently being considered for a wide range
of primary load-bearing structural applications in offshore E & P systems, including both
topside and subsea components. Advantages of utilizing light-weight, high-strength and
high-stiffness composites have been known at the material level for sometime whereas the
much more significant benefits at the system level has been just recognized. In order for
offshore composite structures to be fully accepted in the E & P operations, reliability of the
composite components must be well quantified and associated methodologies for a proper
risk assessment need to be established. In this lecture, fundamental issues of composite
material and structural failure will be discussed. The inherent uncertainties associated with
deformations and failure in high-strength, brittle composites are addressed. The
probabilistic composite material and structural mechanics used in developing reliability
analysis for offshore composite structures will be presented. Discussion will also be made
on the use of the API recommended LRFD methodology for composite platform structural
design. The recent advances in reliability and risk assessment methodologies developed at
CEAC for composite production risers in deepwater TLP applications will be discussed to
illustrate the unigue features in addressing the reliability issues for offshore composite

sfructures.



Composite Risers and Tendons

Mamdouh M. Salama
Conoco inc., Ponca City, Oklahoma
Tel: (580) 767-2738

Mamdouh.m.salama@usa.conoco.com

Abstract

Successful composite experiences in many topside offshore applications coupled with the need to
reduce the life-cycle cost of deepwater development have motivated the industry to examine the
application of composites in several critical applications, particularly for water depth sensitive
components such as risers and tendons. Design and qualification of composite risers have been
the subject of three recent joint industry studies. Composite production risers have been
developed by a joint-industry project that was initiated in 1995 and is jointly funded by NIST/ATP.
Also, low-pressure composite drilling risers have been developed by a joint-industry project that
was initiated in 1995. High pressure composite risers are being developed as part of a joint
industry project organized by Norske Conoco and Kvaemer and is partially funded by EU
Thermie. Composite tendons has also been the subject of several studies, sponsored mainly by
Conoco. In order to insure successful offshore application of these critical composite systems,
several key technical issues that are unique to composite components must be addressed as part
of the qualification program. These issues include performance requirements, damage
mechanisms, damage protection strategy, allowable strength parameters, composite-metal
interface joints, analysis methods, analysis validation, manufacturing quality control strategy, and
testing. The presentation will address the basic elements that must be considered under each
issue as part of the verification process to ensure and/or validate the following:

Accuracy and completeness of the performance requirements.

ldentification of all possible failure modes.

Acceptability of the different elements in the design strategy to avoid these failure modes.
Basis for the analysis procedures and validating their accuracy.

Acceptability of the basis for selecting materials allowables and safety factors.

Validation of strength predictions of actual compeonents.

Completeness of the quality assurance program.

SN R W

The paper will discuss the riser system in more details and present the status of the current
effort on carbon fiber tendons.




Synergistic Advantages of
Using Composites in Deepwater Field Development

R.T. Hill
Aker Maritime, ASA

Abstract

Composite materials offer many advanfages for deepwater offshore platform
applications because of their excellent corrosion and fatigue performance, high strength-
to-weight ratio, and design flexibility. As the offshore industry moves aggressively to
pursue deeper water field developments, composite materials are finding a wide range
of new applications for both topside and subsea structures. While most of the current
applications are secondary structures in the topside facilities, several major U.S. and
international  initiatives are underway to develop primary load-bearing system
components.

Offshore market entry of composite components depend on combination of their
potential to increase the platform performance, cost effectiveness, and technical risk
compared to their steel counterparts, When favorable combination of these factors
exists, technological, economical, and regulatory barriers can be overcome. Technical
and commercial benefits of the composite components can be at the component level,
such as a corrosion resistant firewater pipe or grating, or at the system integration level
where savings in weight and performance of individual components cascade to provide
synergistic cost and performance benefits in associated platform systems. An example
of the latter could be a light-weight composite riser which would allow significant
downsizing of the floating offshore platforms.

To facilitate the higher risk and resulting cost contingency associated with ultra-
deepwater reservoirs, the overall capital expenditure for surface production units will
have to be reduced by 25-30%. This reduction be accomplished through system
savings, only, and not made up through minor savings in components. Composite
materials applications in riser, mooring, and tendon systems will enable such a reduction
to be realized. Eventually this technolegy will allow further recovery of economically
marginal shallow water reserves and make possible deepwater exploration and
production.

This presentation will summarize potential impact of composite components on the
deepwater figld development and barriers in system integration.




Panel Discussion - Regulatory Issues

Bill Cole
BP Amoco

Abstract

i major applications of composites are to occur in GOWM deep water production facilities,
the commitment must cocur early in the life of the project {o realize the benefits offered
by light weight materials. Such commitments can be made only if regulatory approval is
a near certainty. Substantial efforts are needed to develop the information, the data and
the industry guidelines needed for regulatory bodies to approve the various components
proposed as composites applications.

CEAC is prepared to lead efforts needed o prepare the industry to use composites
technology. The efforts must involve all stake holders in this venture, the offshore
operators, the supply side companies, and the regulators. CEC can address specific
issues through workshops, task force activities, research projects and technology
developmeant projects funded by industry participants. CEAC has achieved impressive
results in the past with each of these approaches. However, we need to improve our
understanding of the regulatory responsibility and increase our efforts to address
regulatory concerns as the applications of composites become more and more
demanding.

The purpose of this panel discussions to clarify the issues form the regulatory point of
view and to start the definition of a path forward. The path forward should address
issues, but should be structures around the deliverable and schedule needed to mest
the needs of the offshore industry.
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Components Technology Maturity Level
Mature Developing Not Available
FRP Pipe & Grating Technology System Integration  |None
Regulatory Approval  industry Guidelines
Commercial Products User Awarenass
Synthetic Mootrings Technology, User Awareness Systéfﬁ Integration
Commercial Products | Industry Guidelines
: ‘Regulatory Approval
Composite Spoolable Tubing Technology Commercial Products  System Integration
User Awareness Industry Guidelines
_— Regulatory Approval
Composite Drill Riser Technology :Commercial Products |System Integration
User Awareness [Industry Guidelines
SRR | Regulatory Approval
Composite Production Riser Technology Commercial Products | System Integration
‘User Awareness ‘Industry Guidelines
Regulatory Approval
FRP Tanks & Vessels Norie Technology System Integration |
Industry Guidelines  User Awareness
| - Regulatory Approval
Composite Deck Structure “INone Technology System Integration
Commercial Products | User Awareness
o Regulatory Approval
Carbon Fiber Tendons None m.:fé‘éhno%ogy QSyst"éﬁ:; Integration
‘User Awareness
Regulatory Approval

Commercial Products




US Coast Guard Perspectives On Composites

Lt. Chris Myskowski
United States Coast Guard

Abstract

The US Coast Guard has become very receptive when it comes to the
acceptance of new and innovative designs and constructions of marine vessels
and offshore structures. Application of advanced composite materials to areas
where they have been historically prohibited is no exception. Fire safety
concerns, however, remain as a formidable challenge that must be addressed if
the acceptable applications for these materials are to continue to grow. Fire at
sea has been the greatest fear of sailors throughout history. Despite a limitless
water supply, fighting a fire at sea is fraught with difficulty-- reliance on power
supplies that may be intimate with the fire, limited space to maneuver hoses and
other fire-fighting equipment, rapidly spreading smoke and toxic fumes, and the
ever present danger of being cut off from a safe escape route. It is easy to see
why the acceptance of new proposals for the use of composites, largely
composed of organic combustible materials, must be addressed with caution.

Traditionally, the Coast Guard applies a “steel or equivalent” standard to the
construction of marine vessels and offshore structures. This has been
interpreted as meaning a non-combustible material which by itself, or due to
insulation has structural and integrity properties equivalent to steel. This
standard was developed in light of early twentieth century technology. Today,
the development of advanced composite materials promising high performance,
tower cost construction, and reduced maintenance, has demanded that new
standards and regulations be developed that will allow the use of these materials
while ensuring an adequate level of safety. The Coast Guard and the world
community are ready and willing to accommodate new materials provided that a
thorough and technically sound analysis is conducted to ensure the current level
of safety will be maintained. Excerpts from the preambie to the High Speed Craft
Code is evidence of this in stating that “the traditional method of regulating ships
should not be accepted as being the only possible way of providing an
appropriate level of safety, nor should it be assumed that another approach,
using different criteria, could not be applied. Management of risk through
accommodation, arrangement, active safety systems, restricted operations,
quality management and human factors engineering should be considered in
evaluating safety equivalent to current conventions.”

Recognizing the fire safety challenges that the use of composite materials
present, as well as the economic and technical need for these materials on both
ships and offshore structures, the Coast Guard has been actively involved in
R&D aimed at ensuring the safe application of these materials to marine




structures. One of the most significant R&D projects that the Coast Guard is
working is with the DARPA MARITECH composite ship technologies consortium.
This group is working to create full scale and bench scale fire tests and
computational models to ensure structural integrity is maintained under fire
exposures. Another example of R&D in composites is a Coast Guard partnership
with CEAC, ASTM, ISO, and various testing laboratories that recently developed
new policy for design, installation, and testing of composite piping and deck
grating. The Coast Guard is also in collaboration with classification societies
(RINA and DNV}, and the Passenger Vessel Association to develop a process for
analyzing novel designs for “equivalence” with prescribed designs.
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COMPOSITE MATERIALS FOR OFFSHORE OPERATIONS -2

Emerging and Potential Composite Applications for Deepwater
Offshore Operations

F. Joseph Fischer' and Mamdouh M. Salama’

REFERENCE: F. 1 Fischer and M. M. Salama, “Bimerging and Potential Composite Applications for Deepwater
Offshore Operations,” Composite Materials for Offchore Grerativins - 2, 5.8 Wang, I G. Williams, and K. M. Lo,
i AF £ &

&

Eds., American Bureau of Shipping, 1999, pp, 37-55.
ABSTRACT

The petrolewn industry has long recognized the potential for composite-nmaterial
products inits offshore operations. Particularly atiraciive are compaosites’ high strength-
to-welght ratios and their resistance to corrosion. Recent estimates by the industry
indicate that fopsides’, piping, riser, tendon and other composite needs over the next ten
(10) years could reach nearly 100,000 tons having a market value of around $3B (ar
§15/1b).  The last several years have witnessed phenomenal growth of development
activities for high-performance products such as coiled tubing and marine production
risers due, in part, to reduced material costs associated with the decline of defense and
aerospace demands, and federal-government “encouragement” such as the NIST/ATP
program that provides “maitching funds” for high-risk projects focused on bringing
commercially viable products for the offshore 1o the markeiplace. The status of these
activifies are reviewed,

INTRGDUCTION

As part of the oil industry's efforts to reduce the life-cycle costs of deepwater
deveiopments and to improve reliability, considerable attention is being devoted to the
evaiuation and application of innovative and cost-competitive alternative materials,
Composites offer many potential advantages for marine construction based on their low
density, corrosion resistance, and excellent fatigue performance. In addition, the use of
composites permits greater design flexibility for tailoring properties to meet specific
design requirements, thus promoting better system-oriented, cost-effective solutions.
Also, new innovations are being developed to embed fiber optics and electrical
conductors into the composite part to monitor quality during manufacturing, structural
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integrity and loads during service, and to obtain operational conditions from remote
focations.

In this paper, the definition of composite materials is limited to fiber-reinforced polymer
(FRP) materials. FRP materials consist of small-diameter fibers of high strength and
modulus embedded in & matrix with bonded interfaces which permits the fibers and
matrix to form a new material which captures the desirable characteristics of each. The
most common fibers are glass, carbon and aramid. Polymeric matrix materials can be
thermoset or thermoplastic. The most common polymeric matrix materials are polyester,
vinyl ester, phenolic, acrylics and epoxy. Fibers are usually incorporated into the matrix
in long continuous lengths but are sometimes utilized as short discontinuous fibers.

Although the traditional engineering material for offshore structures is steel, synthetic
materials and advanced composites have been receiving much attention by the oil
industry as demonstrated by the many joint industry projects. special meetings, and
workshops [1-3]. Although on a one-on-one basis, components made of these materials
will most likely be more expensive than identical, or functionally equivalent, steel
counterparts, on a performance-equated basis, the economic advantage of composite
components can often be demonstrated by examining their impact in reducing system and
full-cvele costs.

The primary purpose of a floating offshore platform, e.g., a TLP, is to support the topside
“payload” which includes the weight of the accommodation’s module, helideck,
production and process facilities and drilling equipment. In addition, the hull must
support the deck structure and the tension loads associated with the production and
drilling risers and any mooring systemy. A reduction in topside weight will reduce the
size, weight and cost of the supporting structure (deck and hull) with the savings’
premium dependent on the type and size of the structure and design parameters including
environmental Joads [4]. There is a significant economic incentive to reduce the topside
weight through the use of composites. The ranges of payload premiums, that are being
considered by the industry as bases for assessing the cost-effectiveness of weight-
reduction options, are $4-7/1b of payload for TLPs, §3-5/1b for semisubmersibles, §1-3/1b
for ships, and $1-2/1b for Spars [5].

This paper reviews current and emerging applications of composites and identifies
potential opportunities associated with deepwater oil-industry developments. The paper
also presents a discussion of financial incentives to develop composite applications,
identifies the main challenges facing the introduction of composites into service and
discusses steps currently being taken to address these issues.

CURRENT MARINE AND OFFSHORE APPLICATIONS

Glass fibers were comunercially introduced in 1938 and were used initially for insulation
and acoustic isolation applications. One of the first structural applications for composites




was in the automotive industry where fiberglass was introduced in the 1950's for sports
car bodies. Fiberglass pipes and tanks have been used in the onshore oil industry for
almost 45 vears [6]. Advanced composites were developed initially for military and
aircraft applications where high stiffness and strength properties have a significant impact
on performance. Interest in the use of composites to improve performance in offshore oil
industry applications began in the early 1980's driven primarily by interest in eliminating
corrosion and reducing weight on offshore platforms. For most oil-industry applications,
the high cost of composites characteristic of the aerospace industry is prohibitive.

Fiberglass composites, and to a lesser extent carbon, Kevlar®, and Nomex® composites,
have been used by the offshore oil industry in a variety of applications. These include
storage tanks, pressure vessels, low pressure pipes, reinforcements for flexible pipes,
torque shafts, structural parts, seals, gratings, fire and blast walls, cable trays, etc. The
motives are lower weight, less maintenance, and reduced installation costs. Some
specific examples for the offshore application of fiberglass composites include fire water
piping (Amoco's Valhall, Conoco's Marquetie, Shell's Mars), seawater piping (Dubai,
Conoco's Heidrun, Phillips Ekofisk), storage vessels (Conoco's Heidrun, Amoco's
Davy/Bessemer), grating (Shell's Mars and Ram-Powell), mud mats (Elf's Garibaldi C,
and subsea wellhead protection (Shell's Vigidis and Draugen).

It should be noted that only during the last decade has the fiberglass industry started to
seriously consider new technologies such as improved resins, reliable connections,
selectively using carbon fibers, implementing better quality control and NDT techniques,
publishing better design and installation guidelines, and using improved fire resistance
formulations and coatings.  Therefore, past ncgative experiences with fiberglass
camposites should not be used as a basis for judging current materials. As an example, in
the past many operators have had very disappointing expetiences with leaks of fiberglass
pipe joints, but recent applications of GRP pipes on platforms such as Heidrun and Ram-
Powell have shown that the leak rate for several thousands of field joints was less than
0.1% .

Composites have also been used for many high-pressure vessel applications. Compressed
natural gas pressure vessels from glass and carbon fiber composites with a high-density
polyetiylene liner have been in use for many years. Composile pressure vessgels have
been developed and qualified for use as mud gas separators (M(GS) as part of a JIP in
Norway. The primary advantages that composite MGS offer are reduced maintenance
due to composite's corrosion resistance, and 50% weight savings over carbon steel vessel.

Composite accumulator vessels [7] have been used for production-riser tensioning
systems on both the Mars and Ram-Powell TLPs. These vessels, shown in Figure 1, have
a volume of 11,500 in® (17.3 inch OD, 82.5 inch length, 365 Ib weight) and are ASME
code section X, PR certified for 35 year service life at 3000 psi operating pressure (burst
pressure > 15,000 psi). They are constructed of carbon/S-glass fiber epoxy composite
over an HDPE liner with 316L stainless steel bosses. While the weight of these
composite vessels was about 1/3 the weight of the equivalent steel vessels, the cost of the
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composite vessels was actually fower than the steel vessels. The estimated cost for the
composite vessels is $4,500 per vessel. This cost can be greatly reduced if the ASME
code, which sets the safety factor based on the poor strength-time dependence of E-glass
composites, 1 changed to account for the better strength-time dependence of carbon fiber
compasites. For carbon fiber composites, a safety factor of 2 to 3 is more realistic than
the currently specified factor of 5.

EMERGING AND POTENTIAL COMPOSITE APPLICATIONS

Successtul composite experiences coupled with the need to reduce the life-cycle costs of
decpwater developments has motivated the offshore industry to examine the application
of composites in several critical applications. However, wide-spread applications of
advanced composites in the oil industry will occur only if composite products become
affordable using low cost manufacturing processes and low cost fibers. Much of the cost
of acrospace components is introduced by the pedigree record required to ensure high
performance and reliability. The trade-off to reduce cost for oil-industry applications is
to increase the safety factors to account for material variability and to accept lower
material design allowables which translates, unfortunately, into lower weight savings.
This compromise, however, is normally acceptable since the weight comparison for the
oil industry is relative to steel rather than aluminum, the material of choice for most
acrospace applications.  Weight savings of 50 percent or more are possible when
composites replace steel components. Weight savings for aerospace applications based
on replacing aluminum commonly range from 23 to 30 percent.

So far, the main emphasis on potential applications of advanced composites for the
ofishore industry has focused on high-pressure tubulars (above 1000 psi pressure) which
are either discrete length (20 to 80 feet) for use as drilling and production risers, choke
and kill lines, tubing, casing, and pipe, or continuous (many thousands of feet long) for
use as coiled tubing [8] and flowlines [9]. Continuous pipes have relatively small
diameters (<6 inch) and are designed (o be spooled. Spoolable composite pipes have
been proposed for use as coiled tubing, velocity strings, capillary tubes, subsea pipeline
clean out lines, subsea flow lines and subsea control lines. High-pressure composite
coiled tubing is attracting major attention because it provides enabling capabilities to
work over, log and complete highly deviated wells as well as provide operational
improvements for a wide variety of other oil field applications.

There also are other applications vnder consideration for composites which do not fall
under the high-pressure tubular classification such as TLP tendons. One proposed tendon
concept uses a strand assembled of many continuous small diameter carbon fiber rods or
a belt laminate constructed using carbon fiber rods. The tether, like coiled tubing, would
be designed to be spoolable to improve the economics of installation.
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Production Risers

Composite production risers have been the subject of many studies because they reduce
the required pretension and simplify the riser tensioners. With the introduction of
composite risers, tensioner stroke and riser stretch may remain unchanged, but the stroke-
related load on the tensioner (and the supporting deck structure) will be nearly halved,
resulting in a reduction of the operational payload and simplification of the tensioner
structure [10].

During 1985 to 1989, several major oil companies joined with the Institut FranHais du
P8trole and Aerospatiale to develop and evaluate a 9-inch composite production riser.
The riser tubular was fabricated from a hybrid of carbon and S-glass fiber/epoxy
composites. The pipe was designed to withstand a combined internal pressure of 15,000
psi and axial tension of 450 tonne. The pipe was also designed to withstand a coliapse
pressure of 5400 psi. The study included several static, fatigue, multi-axial loading and
damage-assessment tests. As a follow-up to this study, Brunswick Composites (currently
Lincoln Composites), Coflexip, IFP, and Aerospatiale engaged in a project to reduce the
cost of the risers by optimizing the manufacturing process and the design. The design
optimization included simplifving the composite-to-metal interface and using lower-cost
E-glass instead of S-glass.

The drop in the price of advanced composites in recent vears and the current accelerated
activities in deepwater exploration and production have prompted renewed interest in
using composites for production risers. A joint-industry project focusing on composite
production risers, jointly funded by the National Institute of Standards and Technology
(NIST) Advanced Technology Program (ATP), is currently underway [11, 12]. The goals
of the project are to design, develop, manufacture, test and qualify a commercially viable
production riser made with fiber-reinforced polymeric composites, Lincoln Composites
is leading the effort in engineering design and fabrication of the composite riser. A
concentrated effort was conducted in the first part of the project to design a low-cost,
light-weight composite production riser suitable for deepwater (3000-5000 feet). The
functional requirements and performance specifications of the riser were determined by
oil-company participants and were based on the results of an iterative analysis of the
response of the composite production riser to representative platform motions and direct
environmental loads.

The composite production riser is a hybrid structure design with carbon and glass fibers
embedded in an epoxy matrix. The composite-to-metal interface design relies on a
special configuration which has been used before in some aerospace structures, A
premium light-weight threaded connection is used for the metal connector. The external
geometry of the metal connector has been chosen to accommodate standard riser handling
equipment.  Hence, no special equipment will be required to handle and install the
composite production riser. Internal and externai liners will be incorporated into the
production riser to provide fluid-tight pressure barriers and protection from damage due
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to accidental impact and wear. lull-scale and subscale riser spool pieces are being
fabricated and will be tested to validate the design assumptions and riser performance
characteristics. Qualification of the composite production-riser joint for field service has
been planned and will be carried out upon completion of fabrication of the full-scale
{diameter) riser joints as shown in Figure 2. Other elements of the project include a
detailed reliability and safety study to ensurc serviceability of the composite production
riser, and development of advanced design/analysis methods to enable direct translation
of the results of this project to other production-riser designs.

In addition to the production riser pipe, composties are being considered for other riser
componenis such as tapered stress joints and tensioners. Currently, tapered joints are
conceptuzally designed using a hybrid of a steel or titanium riser pipe, with a tapered outer
wrap of fiberglass and carbon fiber/epoxy composite.

Drilling Risers

Initial efforts in applying composites to drilling risers focused on the use of composite
choke and kill lines. A study conducted by IFP on ant 18 3/4" OD steel riser having 3 4"
kill and choke lines showed that these two small-diameter lines represented 30% of the
total mass of the riser. Replacing them with composite lines reduced the total mass by
24%. The reduction in mass was important in reducing the dynamic forces on the riser by
reducing the inertia forces and decrcasing the longitudinal resonant period of the hung
riser which reduces the dynamic amplification of the heave-induced axial forces. In
addition, the mass reduction due to application of composite choke and kill lines reduced
the quantity of costly syntactic foam, reduced current-induced drag forces, and provided a
600 tonne reduction n deck load when the riser is stacked on the vessel. To prove the
suitability of composite choke and kill lines, a field trial in deepwater was carried out in
1983, Three 15 m long composite tubes were run on the marine riser of the Pentagone 84
during three drilling campaigns in the North Sea. Operational behavior of the tubes was
fully satisfactory, and a burst test performed on one sample after the field trial showed no
detertoration of performance. The composite tubes were manufactured using carbon and
glass fibers and had the following characteristics: ID = 4 inch, Length = 47 fi, Weightin
water = 321 1b, Burst Pressure = 170 MPa (24,000 psi).  Several companies have the
capability to design and produce 15,000 psi choke and kill line, The estimated cost for
50 fi, 3 inch 1D joints with metal couplings is $15,000 per joint. The weight in air of the
50 ftjoint 1s 700 1b, including couplings.

As a follow-up to the IFP work, Northrop Grumman Marine Systems (formerly
Westinghouse Marine) is leading a joint-industry research and development venture to
develop technology to commercialize light-weight advanced composite tubulars for
deepwater oil and gas exploration and production [13]. The venture is also funded jointly
by NIST/ATP. The first target application of the technology is a composite low-pressure
drilling riser system with the riser body (20-inch diameter) and high-pressure (15,000 psi)
choke and kill lines made of advanced composites. The venture is currently more than
half way through a 3-year, $4.8 million project. The objective of the project is to
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demonstrate successful deployment of a light-weight advanced composite drilling riser
pup joint prototype in a deepwater drilling program. The project plan includes material
characterization, design, fabrication and land test of riser prototypes in addition to
fabrication and testing of an in-the-water prototype. Preliminary design and fabrication
of two 25-ft long drilling-riser main-body prototypes (Figure 3) as well as high-pressure
choke and kill line prototypes have been completed. The air weight of the composite
system is less than 50 % of the steel system. Estimated total costs of steel and composite
systems for 6000 ft water depth (consists oft 79 riser joints (75 ft each), 1 telescopic
joint, 4 pup joints (5 -30 1), I tensioning ring, and syntactic foam) are $11.7 million and
§20.7 million, respectively.

In addition to this low-pressure drilling riser work, a JIP led by Norske Conoco and
Statoil is underway to design, qualify, and field test a 22 inch high pressure composite
drilling riser for TLP applications. Upon the successful development, a full size riser
joint is planned for testing on the Heidrun TLP with the currently used titanium riser.
The joint is designed with a carbon-epoxy composite body, titanium internal liner,
elastomeric external liner, and titanium flanges.

TLP Tendons

TLP tendons are stiffhess-critical structural elements that ensure that the platform heave,
roli, and pitch natural periods are limited to 4 seconds to avoid resonance (which is
known to increase fatigue damage and extreme loads). While steel has been used to-date,
carbon fiber (PAN or pitch) composites in a long-laid parallel-wire construction and large
diameter strands are being considered. Strands of up to 5 1/8 inch (131 mm) diameter
and 3.8 miilion pounds breaking strength have been produced for suspension bridges.
Larger size strands of about 10 inches (254 mm) may be required for TLP applications.
The strands are formed using a track based manufacturing system from 3 to 5 mm wire-
rods that are supplied in the form of 6 ft diameter coils. The helical bundle with a lay-to-
diameter ratio of 75-to-1 is formed together without inducing any torsional stresses into
the rods. Intermittent tape wrappings can be applied to assure strand integrity during
coiling and handling. To protect the strand and improve handling, a thermoplastic jacket
can be fitted to the strand. Fatigue tests were conducted on 500,000 pounds breaking
strength carbon-vinyl ester composite strands with potied terminations and showed that
the fatigue life is ten times longer than steel strands [14].

In order to achieve a 4 second design criterion for a Heidrun type concrete TLP in 4400
feet in the North Sea, the required tendon stiffness per corner will be about 300 MN/m. If
the tendons are made of steel, the mass of the tendons will exceed 80,000 mT and the
tendon pipe design will be very complicated to achieve a reasonable weight in water and
number of tendons. If the tendon system is fabricated of high modulus (55 x 10° psi)
carbon fiber composites, the mass will be about 14,000 mT), and under these conditions
the maximum stresses in the tendon will be about 20% of its ultimate strength. This type
of TLP application may not be practical for deepwater because of the platform size and
the difficulty in securing this large amount of carbon fibers at a reasonable price. Note




that the current worldwide production capacity for PAN-based carbon fiber is limited to
about 25 million pounds per year. Since carbon fiber composite tendons possess superior
fatigue resistance, the possibility and effects of relaxing the heave natural period
limitation should be considered which, if found to be feasible, would mean a significant
reduction in the required amount of carbon fiber and, thus, increase is competitiveness
with steel.

Although the cost of the currently available high-stiffness composite material is high,
Conoco's current efforts to develop low cost discontinuous high-stiffness (50 to 73 msi)
pitch carbon fiber and the recent introduction of a low cost ($6-8/1b) intermediate
stiffness (30 to 35 msi) carbon fiber by Zoltek change the economic picture. An
economic comparison between  steel tendons and composite tendons using the
discontinuous carbon fiber showed a cost savings between $30 to 300 MM, depending on
the TLP size and waterdepth, in favor of composites. This economic advantage has
motivated several studies to develop and qualify carbon fiber composite tendons.

Non-Bonded (Flexible) Spoolable Pipe

Non-bonded flexible risers are critical elements in floating systems for deepwater
offshore oil and gas production [15]. Current applications in increasingly demanding
environments. with a design temperature up to 265° F, a design pressure in excess of
5000 psi, sour production fluids, waterdepth exceeding 1000 meters, severe wave and
current conditions, and larger diameters (more than 10-inch inside diameter), are
challenging conventional flexible pipe design and construction. A non-bonded flexible
pipe is designed as a multi-layer conduit consisting of thermoplastic layers for sealing the
conveyed fluid from the external environment and metallic layers of carbon steel to
provide axial and hoop structural reinforcements. In deeper water where longer-length
flexible pipes will be used, the weight of the carbon steel reinforcements becomes a
critical factor in the design of a flexible pipe. The large tension load induced by the pipe
weight could lead to unacceptable stress levels in the pipe structure and excessively large
deck and installation loads. As the pipe stress level increases, larger cross-sectional areas
of the steel members are required, further increasing the wei ght of the pipe. To reduce
the pipe unit weight, while retaining the required strength level, polymeric composites
have been proposed and used as armor wires to replace the steel axial reinforcement.

The first application of composites in a non-honded flexible pipe was carried out by
Coflexip Stena Offshore using armor wires made of glass-fiber reinforced epoxy (Figure
4). The shapes of the composite wires are flat and rectangular similar to those used for
steel armor wires. To minimize residual stresses after laying, the composite wires are
initially preformed to a given lay diameter and armoring angle. Coflexip Stena Offshore
has manufactured and installed flexible risers with glass-fiber composite armors for
Petrobras in Brazil.
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Welistream is leading a project to investigate the use of fiber-reinforced thermoplastic
composite strips/wires to replace the carbon steel tension armor layers in non-bonded
flexible pipe for deepwater sour service [15]. This material substitution reduces the
submerged weight of the flexible pipe by about 30%. Work is underway to evaluate the
performance of the composite armor flexible pipe; to develop sensors for life monitoring
of the thermoplastic composite armor; and to develop a service life model of the armor.
The cost of the composite-armor {lexible pipe is expected to be higher than that of a steel-
armor pipe but the total system cost-savings associated with the lighter weight flexible
pipe are expected to be sufficient to offset the higher cost of the composite flexible pipe.

Bonded Spoolable Pipes

Light-weight, spoolable, all-composite tubulars are beginning to atiract attention as
alternatives to the heavier non-bonded steel and stecl-composite flexible pipe. With
recent advancements in manufacturing processes, spoclable composite tubulars can now
be produced in long continuous lengths, A typical spoolable composite tubular usually
consists of load-bearing layers of carbon, glass, and/or kevlar fibers in a polymeric
matrix. The fluid-pressure barrier is provided by means of a chemically resistant
thermoset or thermoplastic inner liner. 1f needed, an outer thermoplastic protective layer
can be added to the composite structural layers. Interest in the use of composite
spoolable tubulars can be seen from the various current development efforts described
below.

COMPIPE has recently completed the first phase of a composite flowline joint-industry
project [16]. The objectives of the project are to develop and qualify a spoolable
composite flowline. The diameter of the flowline studied in the project was in the 100
mm to 250 mm range and the pressure rating was in the 100 bar to 350 bar range. Cost
comparisons of composite flowline with coated carbon steel, conventional flexible
flowline, dunlex steel, and 13% Cr steel flowline show that a continuous polymeric
composite flowline is economically viable. The total cost-savings in pipe material and
fabrication range from 17% to 48% when compared with a duplex steel flowline. The
cost of installing a composite flowline is similar to that of a recled steel line.

Fiberspar has developed manufacturing technology for long continuous spoolable
composite tubulars and is proposing a joint-industry project to qualify non-metallic
bonded spoolable tubulars for offshore applications. Fiberspar estimates that the cost of a
spoolable composite tubular will be competitive with the acquisition cost of a similar API
171 flexible pipe on a per-foot basis. However, the life cycle cost is expected to be
reduced because the spoolable composite tubular is corrosion resistant, lighter and easier
to deploy, has longer fatigue life, and has the potential to reduce overall riser system
complexities and costs. Figure 5 shows a 4-inch flowline having a 3-inch ID designed
and built by Fiberspar. It is designed for 3,000-psi operating pressure. The connector is a
a 4-inch FMC WECO (hammer blow union) designed for Arctic conditions.
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A similar joint-industry project is currently underway, led by Hydril and jointly funded
by NIST/ATP, to develop an advanced manufacturing method for long continuous
spoolable composite tubulars in the l-inch to 6-inch diameter range for deepwater
applications in the Gulf of Mexico. The current project is based on the results of an
earlier joint-industry project on composite coiled tubing which demonstrated that superior
performance can be realized with a properly designed and fabricated spoolable composite
fubular.

The above discussion on spoolable composite tubulars concentrated mainly on pipes
made with thenmoset resins. It should be pointed out here that a new class of spoolable
composite tubulars made with fiber-reinforced thermoplastics [17] is beginning to emerge
in the oil and gas industry. For the manufacture of this reinforced thermoplastic pipe,
pre-formed fiber-reinforced tapes having a compatible thermoplastic matrix are utilized.
Initially, layers of these tapes are helically wound around a thermoplastic tubular.
Preferably, tape widths are such that for a given pipe outer diameter and a given wind-
angle, the pipe outer surface is completely covered by each tape layer. Usually, pairs of
tape lavers are applied having opposite wind-angles for each layer to ensure torgue
balance of the fabricated pipe. Following application of one or more pairs of tape layers,
an outer layer of thermoplastic pipe is co-extruded on top of the tape-wrapped inner pipe.

The several layers of this sandwich-type construction are usually bonded together by
thermal or other means either as the tape layering/reinforcement proceeds or following
the co-extrusion step. Wavin of the Netherlands has demonstrated the continuous
manufacture of such pipe by producing 200 feet of 4-inch pipe having two tape layers.
Tubes d’Aquitaine of France [17] are currently manufacturing both the reinforced tapes
necessary for this manufacture as-well-as {inite-length pipes having various diameters
and tape layers (pressure ratings). Tubes d’Aquitaine have also designed and qualified a
cost-effective, easy-to-install threaded metal connector. Their ultimate goal, that is
currently being realized for 3-inch pipe, is continuous fabrication. A reel of pipe having
intermediate connectors every 12 m is shown in Figure 6. (Photo courtesy of Tubes
Aguitaine). The potential of this class of spoolable tubulars for riser applications
should be investigated.

Substructure

Both sandwich and pultruded composites are being considered substitutes for steel
flooring which is currently fabricated from plates welded on I or U shaped beams, and
then laid on the primary beams of the deck. Coflexip developed composite flooring that
is made by juxtaposition of composite beams and is stiff enough to be laid directly on the
primary deck beams. The low cost pultrusion process is used to produce these beams that
are formed with profiles to allow interlocking and equipment installation. Composite
beams can be built with higher strength and more fire resistance than steel, which could
have special applications in rig floors and hull support [18].
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The application of composites for load bearing floors, bulkheads, helidecks and living
quarters can take advantage of the current development efforts of composite bridges.
Researchers at Lawrence Technological University (Southficld, MI) are studying the use
of glass and carbon fibers for an experimental road bridge. At the University of California
(San Diego), researchers are using carbon laminates to develop space-truss structures that
strengthen highway bridge columns, and researchers at the University of Arizona
(Tucson) are studying ways to use carbon laminates to strengthen masonry walls and
concrete columns. Aramid, glass, and carbon fiber composite materials, developed by
NEFCOM Corp. in Japan, are already used in a grid reinforcement system for concrete
structures.

Composites for Deepwater Drilling

Recognizing the potential of composite materials to provide additional weight savings to
the RamRig, a study was conducted to assess the application of composites on several
critical components. These components were selected because of ease of implementation
by being in use or already qualified and based on weight advantage as identified by the
rig designer. Table 1 summarizes the results of this study giving budgetary weight
savings and cost premiums for composites over conventional materials and highlighting
components which can be readily replaced using off-the-shelf composite-materials
technology of the day.

Composites for Subsea Development

As subsea developments move to deeper waters, the use of ROVs will expand for
installation, retrieval and repair functions. The effective use of ROVs requires the
development of light-weight equipment and tools. Components for which composites
can offer major advantages include: mantfold support foundation, mud mats, subsea
protection cover, ROV manipulator, ROV skid, tools, control pod housing, vessels,
accumulators, manifolds, and guide cones. Composites can also be used for components
whose weight is water depth dependent, such as risers and umbilicals.

EARRIERS TO THE APPLICATION OF ADVANCED COMPOSITES

The expanded application of composites in the oil indusiry continues to face technical,
financial and emotional barriers that must be overcome to aillow the full potential of
composites to be realized in critical offshore applications. Solutions to these barriers
involve developing a more comprehensive design and manufacturing data base to allow
competent risk assessment, establishment of reliable cost structure for both components
and systems, and educating offshore contractors and suppliers to provide them with
sufficient confidence to design and use these new materials.

Since the cost to meet these objectives is quite high, there is a need for alliances and
consortia because resources are limited and no one company has the necessary skills to
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succeed.  This issue is currently being resolved by the joint sponsorship of these
programs by government and industry such as the NIST/ATP which is currently being
tapped by industry. Table 2 provides a summary of these NIST/ATP proiects that are
directed foward the oil and gas industry. In addition to these U.S. based programs, there
are other programs being conducted in Norway. Two of these programs involve the
development of a high-pressure composite drilling riser joint for ficid testing on the
Heidrun TLP, and evaluation of composites for rig conversion.

The successful commercialization of advanced composite components requires that
development programs incorporate input from all participants in the development
including material supplier, manufacturer, engineering contractor, user, and regulatory
agency. Advanced composite applications can often draw on the knowledge and
extensive data base developed by defense and acrospace companies. Any successful
development must include extensive economic analysis to ensure that the results are
aligned with the needs of the oil industry, particularly deepwater development.
Therefore, it must not be overlooked that the key to the successful development of
composite components for the offshore cil industry is project implementation within a
value chain partnership including owner, designer, material supplier, fabricator, reguiator,
and system integrator.

CONCLUSIONS AND RECOMMENDATIONS

1. Selected applications of advanced composites offer potential performance and
ecconomic advantages compared to steel. The introduction of primary structure
products into service, however, will be slow in developing or even denied unless
the manufacturer is provided support in defining the requirements and evaluating
the performance of new products including making facilities available for field

testing.

2. The key to the successful development of composite components for the offshore
oil industry is project implementation within a value chain partnership including
owner, designer, material supplier, fabricator, regulator, and system integrator.

Regulatory agencies have demonstrated receptiveness 10 new technology and no
regulatory requirements are foreseen that wiil prohibit the use of composites for
offshore applications. Composites must, similar to other materials, be “fit for
purpose” which includes satisfying economic metrics and complying with safety
and environmental requirements.

[

4, While cost differentials between steel and composites for individual components
vary, on average a composite component costs twice that of an equivalent steel
component, and weighs half as much. This cost premium may be offset by the
reduced pavload, maintenance, and handling requirements. For some components,



such as high pressure vessels, composites can be lighter and lower in cost than
steel vessels.

The cost of composites can be significantly reduced if design codes for pressure
vessels change to differentiate between safety factors for fiberglass and carbon
fiber composites, and for composites with and without liners.
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Table 1. Summary of Weight Savings and Cost Premiums for Composites

Component Steel Composites

Wt (ib) Cost (8) Wt (Ib) Cost (8)
Two 3" C&K lines 386,400 1,472,000 128,800 2,760,000
10,000 psi operating Pres.
Mud Separator 7,700 70,000 5,500 88,500
I atm. oper. Press.
10.3 Barg Design Pres.
1.6 mID, 4.6 m Height
30 Alr Pressure vessels 360,600 940,660 37,5060 720,000
3000 psi operating Press.
60,500 i volume
Mud Pit 2,400 9,000 800 10,000
300 bbis capacity
Cladding 50,000 350,000 23,000 300,000
100 kt wind

N
[y




Table 2. Summary of NIST/ATP Composite Projects

Program Goal Industry Sponsors Cost
{(MM$)
Production Design, manufacture and | Lincoln Composites, 7.168
Riser qualify 10 3/4", 6000 psi | Hexcel, Amoco, Shell,
production riser Conoco, Stress
Engineering, Brown and
Root, Hydril, CEAC
Drilling Riser Design, manufacture and | Nothrop Grumman, 4.814
qualify 18", 3000 psi Hexcel, Deepstar, Veteo,
drilling riser Reading & Bates, OTRC
Drill Pipe Design, manufacture and | Spyrotech, Phillips, 2.77
qualify drill pipe Amoco, CEAC
Spoelable Pipe | Design, manufacture and Hydril, Amoco, Shell, 5015
qualify spoolable pipes Phillips, Mobil, EIf
for coiled tubing and Atochem, Dow chemicals,
flowline applications CEAC
Joining/Fitting | Develop and qualify Specialty Plastics, NASA | 2.867
for Pipes fittings for offshore GRP
pipes.
Intelligent Develop and qualify Wellstream 5.760
Flexible Pipe flexible composite pipe

with built-in
performance monitoring
for use in oi!l and gas
production
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Figure 1: Composite Accumulator Bottles (Pressure Vessels) for Production-Riser
Tensioning System (Lincoln Composites)

Figure 21 Composite Production-Riser Qualification Test Specimens (Lincoln
Composites)




(vernwrugy doyuon) uswnadg 1891
uoneaIeng JSNI-Sulug ensodwo)) ¢ 2y,

P

{dixagon) soheT] [RXY-[E010)] $SLSI10qL]
Suiavy] 1SNy 01qixa]l 21s0dwo)-101S PLgAY] ¥ oSy

Sy
S m%& :

54



adig onse

(oureynby p s

idows

4

L pao1o]

upy

ade]

aqnL)

.

9 ound

1y

pyw

{avdsiog

1) duIjmo)

i
-

]t

{

oujf

2914 ],

g

amn

a1,

13
-

55



OTC 8666

Composite Production Riser Dynamics and Its Effects on Tensioners, Stress Joints,
and Size of Deep Water Tension Leg Platforms

Metin Kerayaka, Shukeal Wu, Aker Engineering Inc., Su-Su Wang, Xiachua Lu, Composites Engineering and Applications
Center, University of Houston, Partha Ganguly, B.P. Exploration Inc.
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ABSTRACT

Composite production riser {CPR) joints are being seriously
considered in the development of deep water tension leg
platforms (TLPs), because of their inherent light weight,
superior fatigue and corrosion resistance, and outstanding
specitic strength and stiffness properties. Current efforts on
the development of CPR joints have been mainly focused on
iow-cost manufacturing and failure strength evaluation of
CPR tube body and CPR joint connection. The important issue
of system dynamics of TLPs containing multiple CPR strings,
has not been addressed.

In this paper, sysiem analysis of a TLP containing 16 CPR
strings and 12 li-:ndens subjected to Gulf of Mexico
envizoinent ioading have been conducted. The riser system is
configured for 3,000 {t water depth with CPR joints, standard
steel riser joints, splash zone joints, stress joini, and fop
tensioners. The study embraces several disciplines, including
saval architecture, riser dynamics analysis, and composite
failure mechanics to develop an iterative algorithny for
evaluation of the top tension and siress joint requirements,
Specifically, eptimum top tension requirements have been
determined hased on viser dynamics and the failure envelope
of the CPR joints. For comparison, the optimum top tension
requirements are further used to size the TLPs with all-steel
riser and with CPR. Computations indicate that for a water
th of 3,000 ft, unit weight reduction of the riser results in

dept
331 times reduction in the TLP size. It is demonstrated that
the w hz reduction in the miger siring is nonlinearly related fo

the tensioner requirement and TLP size,

INTRODUCTION

Composite materials offer many advantages for deep water
applications because of their excellent corrosion and fatigue
performance, high strength-to-weight ratio, and design
flexibility. As the offshore industry moves aggressively to
pursue deeper water developments, composite materials are
finding a wide range of new applications for both topside and
subsez structures. While most of the current applications are
secondary structures in the top side facilities, several major
U.S. end international initiatives are underway to develop
primary load-bearing system components [1-6]

In deep water exploration and production, significant
advantages may be realized when composite materials and
structures arc incorporated in the offshore system design
strategy during conceptual and pre-engineering stages. For a
TLP, the effective use of light weight composites may result
m a significant cost savings and, perhaps, also enabling
benefits. Synergistic reductions in the deck loads, hull, tendon
mooring sysiem, and platform size account for the reduced
topside facihiies weight [21.

This study couples fundamental failure mechanics of
composites, dynamic analysis of the composite riser sirings,
and naval architecture to size the TLP structure. Tt is
demonstrated that an integrated Interdisciplinary effort is
required fo overcome {gchnological barriers in the utilization
of composife materials in the offshors industry and effective
TLEF design.

COMPOSITE PRODUCTION RISER JOINTS
CPR joints are currently being developed in a major project

jointly supported by the industry and Dol NIST/ATP. The

tube body of the CPR joint is a hybrid material system design
in which the axial load is carried by helical carbon-fiber plies
gnd hoop pressure is carried by both carbon and glass {ihers
wound close to the hoop direction. The detailed laminate
structure of the CPR tube body is schematically ilfustrated in
Fig. 1 [4]. The design is mainly based on load-bearing fiber
sirengih and leakage prevention by liners. Leakage is caused
by through-the-thickness matrix. Some of the initial design
parameters of CPR joint are summarized in References 4 and
5. Metal inserts are placed at each end of the CPR joint to
facilitate CPR joint connection. The metal fitting inserts are
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joined to the CPR tube body through a trap-lock metal-to-
" compostie mterface (MCI) developed by Linceln Composites

43

Figure 1: Laminate siructure of the NIST composite production
riser joint [4],

RISER SYSTEM CONFIGURATION AND DYNAMIC
ANALYSIS

A commercially  available  three-dimensional  frequency
domain analysis program, FREECOM 3D, is utilized to
analyze the dynamic response of the riser system. Riser
configeration for 3,600 ft water depth is presented in Fig, 2. A
stress joint is placed at the seabed to acconmunodate high
bending. To further protect the CPR joints from the bending
foad, @ transition joint and a steel riser joint is placed after the
stress Jomnt. The CPR jolnts are placed i the middle of the
riser string where the dynamic load is predominantly in the
axial direction. The niser section in the splash zone is also
susceptible 1o bending stress due to surface events. The CPR
section s terminated at 272 ft below the water level.

The same configuration is used to compare the top-tension
requirements of an all-sieel riser string with that containing
CPR jeints. In essence, the all-steel riser configuration has the
same components, except that the CPR joints are replaced
with standard steel riser Joints.

The riser joints are modeled with 2-node tube elements
with 6 degrees of freedom per node, It is important to note
that fhe anisotropic neture of the CPR joints can not be
included in the riser analysis software because of its current
formulation. The CPR joints are assumed to have uniform
wwometry and material properties, such as unit weight, outer
eter, equivalent effective axizl stiffness EA, ete. All

degrees of freedoms are constrained at the bottom of the riser
string. Tensioner loads arc applied at the top by spring
elements. The surface tree is modeled with a mass element at
the end of the riser string.
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Figure 2: TLP riser configuration for 3,000 & water depth

ENVIRONMENTAL AND OPERATION CONDITIONS
The riser dynamic analysis is performed only for the case of
extreme environmental loading. The current profile and wave
parameters are summarized in Table 1. These conditions
represent 100-year hurricane loading in the Gulf of Mexico.

A total of 16 composite production risers are used in the
dynamic analysis of the TLP. A single riser casing
configuration with production tubing is used for ali production
risers. The production tubing is filled with hydrocarbons of
44.89 I/t density. The riser annulus is filled with mud with
07.25 Ibs/ft’ density. The riser loads are calculated fora TLP
excursion of 10% of the water depth. The TLP excursion,
curtent, and wave are aligned in the same direction,

TABLE 1: ENVIRONMENTAL CONDITIONS

Sea Conditions Current Profile

Water depth | Current speed
Maximun Helght (7t) 73 {f) (knots)
Stgnificant Height (ft) 40 Surface 34
Maximum Period (sec) i3.3 HEY 26
Mean Zero-Cross {sec) 11.5 280 0.8
Peak Perlod (sec) 14.2 3,006 0.0
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ALGORITHM FOR TOP-TENSION REQUIREMENT
CALCULATION

A muamenical procedure is developed to determine top-tension
requirements of the TLP production risers containing the CPR
joints. In the numerical slgorithm, composite failure
mechanics is coupled with 2 TLP siming study and dynamic
riser analysis. A flowchart of the entire analysis algorithm is
surnmarized n Fig, 3. At the onset of the fterative procedure,
the weight of the riser siring components is used to estinate
an initial top-tension requirement value. Based on this initial
top-tension requirement, the TLF size and corresponding
respense amplitude operators (RAQ's) are calealated. Upon
determination of the TLP RAQ’s | an updated tensioner
requirement is detenmined using the von Mises stresses in the
stweel risers and the failure modes of composite risers.
Although it ts not considered in this algorithm, this stage of
the riser analysis is suitable to further optimize the riser
components, such as stress joint dimensions, CPR joint
jocations, ete. The updated fop-tension value is then used to
re-size the TLP. The algorithm is repeated until a tolerance
limsit is reached between the top-tension requirement and the
TLP size.

Obviously, numerous issues need to be addressed to
determine the optimum riser tensioner reguirerments, Owing to
the space limit of this paper, only few critical design issues,
such as stress joint strength, CPR strength, and pre-tensioning
requirements, are addressed. Furthermeore, the environmental
ioading conditions are alse simplified. The methodology can
be extended to address other critical issues, such as VIV
loading, riser clashing, riser fatigue, and optimization of the
riser configuration.

TLP SIZING

The TLP sizing study has been conducted based on tvpical
Guif of Mexice environment, number of production risers,
and the deck payload level. The major constraints considered
in developing the TLP configuration are summarized in Table
2

nn

TABLY 2: TLP SIZING PARAMETERS

Moximum tow-out draft

Minimur stability during marine operations (e.g, tow out)
Maxsmum column height in terms of construction lifting;
Minimum pontoensiotal displacement ratio for structural integrity

Minimum riser spacing

=3 s

Maximum tendon size (Giamerer) that can be fabricated

Maximum tenden pipe wall thickness in terms of installation
Mintmum tendon pipe wall thickness for structural strength
Minimum natural periods

Avodance of slacking tendons in the 180-vear desizn event

Sufficient ballust capacity for tendon tension management.

In this study TLP sizing is based on 16 production risers
and 12 tendons { 4 legs with 3 tendons per Ieg). The outer
diameter and wall thickness of the steel tendon pipes are 307
and 1.257, respectively. The tendons are designed according
to the API  RP 27  specifications, including
maximum/minimum tendon tensions [8]. Unity chiecks are
aiso performed and allowances are made to accommadate
bigher-order tendon tension contributicns, Fhe totz] ballast,
including  that for tension management and  hallast
contingensy, is kept at 10% of the displacement duting sizing,
whicl is adequate at this level of conceptual design.
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Figure 3: Top-ension requirement optimization algorithm.

The essential performance requirement of 2 TLP liss in
waintaining its low natural period for the vertical modes of
motion when subjected to design sea siates. As the water

depth increases, the length of the tendons, which is roughly
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equal to the water depth, also increases. To maintain the same
- stiffness, the tenden cross-sectional area has to be increased
proportionally, This leads to the well-known vicious design
spiral between the tendon diameter and the tendon hoop stress
when the fendons are designed to be more or less neutrally
buoyant. Bearing in mind the maximum tendon size that most
vards are now capable of fabricating and the commonly
considered deck pavload level, the limiting water depth for
which a TLP remains cost-effective with the use of
conventional tendons is sald to be about 4,000 £t For a deeper
water application, alterative tendon concepts may have to be
explored. Possible alternatives are composite materials with
high specific stiffness and swength, pressurized tendous,
stepped tendons, and pipe/wire tendons with wire ropes for the
lower portion and steel pipes for the upper portion.

FAILURE MECHANICS OF CPRTUBE BODY

Since the wall thickness of & CPR joint is small compared to
its diameter, the classical lamination theory for composite
faminate shell, including material nonlinearity, is used.The
formulation for evaiuatmg deformation and in-plane stress of
the composite tabe can be greatly simplified [9]. An instant
unioading model for composite plies with progressive matrix
cracking is also employed. Composite ply propesties used in
the analysis are summarized in Table 3,

By applying axial tension and bending, respectively,
effective extensional and bending stiffnesses of the CPR joint
szn be calculated. The effective tensile stiffness (EA) for the
CPR jeint is 139x10° (kips) and the effective bending stiffness
(EI is 2.02x10° (kips-in).

Unlike 2 monolithic material, a composite laminate may
rot necessarily lose its load-bearing capacity upon formation
of matrix cracking in the individual plies. Matrix cracking
causes a stress redistribution in the CPR laminate and
inevitably reduces the CPR tube body’s stiffaess, Fig, 4 shows
the effect of matrix cracking on the axial stiffness of a CPR
tube body under axial tension. It is found that mairix cracking
in hoop composite plies may reduce the CPR tube body axial
stiffness as miuch as 22%. Although mawix cracking is
allowed in the CPR wube bady, 1t is desirable to configure the
riser svstent to minimize the high axial loading during service.
Proper configuration of a riser string would reduce the axial
toad on the CPR joints and micrecracking in the CPR tube
body, thus, improving the CPR failure strength.
Microcracking of the composite plies may be used as a criteria
in optimization of the top-fension requirement, as
demonstrated in the results section.

TABLE 3: PLY MECHANICAL PROPERTIES OF CPR

Elastic E-glass  Carbon Fatlure T-zlass  Carbon
pronerty fepoxy fepoxy Serengih fepoxy fepoxy
I (Msi) 6.53 20.3 A9 ks 110 LEY
i iy

WANG, LU, GANGULY OTC 8686
| B, (Msi) 1.81 i1 ﬁ(im Lo100 170
| G, (Msi) 08 068 ks | 68 421 |
G. (Ksi} | 3742 39 3 s 22 12
l Ak |
o 10 7.5
i L g E
12 T T 3
T
5,78, |
o5 b Gissshoop mm
wracking !
[oX:3 H
srbon hoop matds _—7
cracking
o 2 i A5 [:34] 2]

Percentage of Body Tensile Sirength

Figure 4; Tensile stiffiness of CPR (Body tensile strength 1280
kips, 5, = 139000 Kips.

FAILURE MECHANICS OF CPR JOINT CONNECTION
The performance of a metal-to-composite interface {MCI)
under service loading is of sigaificant concern in the CPR
joint design. The current NIST/ATP CPR effort has led fo the
development of an advanced MCI using the well-known
traplock configuration [4,5]. A performance envelope of the
M, reported in [4], is presented in Fig. 5 {3] In this study
the MCT strength resuits presented in Fig. 5 are used 1o
demonstrate the performance of the MCI in comparison to the
other critical factors in the riser design. For illustration,
simulations in this study are conducted for the low interna
pressure, where the axial lfoad capacity of the MCI is around
800 kips
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interface of the composite production riser joint {4].

RESULTS

Dynamic Riser Response Simulations: Fig. 6 presents the
variation of axial loading along the riser for a top-tension of
532 kips. The axial load along the riser string is maximum at
the top and monotonically decreases with water depth. One of
the condition for top-tension requirement is to eliminate the
compressive axial load at any location along the riser siring. A
tensile axial stress along the riser can be assured by applying a
farge tensile load. The most critical locations are 1) at the
bottom of the riser siring where the tensile load is minimum,
an axia! load needs to overcome the bending at the riser base,
and 2) in the top CPR jeints where the axial load is maximum,
the axial loading governs failure of the CPR tube body and the
MCLL

Fig. 7 presents the accompanying bending variation along
the riser string. The bending moment is maximum at the
bottom and rapidly decreases in the stress joint. The CPR
joints are placed in the middle of the riser string such that they
ire subjected to minimal bending loads. The bending moment
also escalates in the splash zone due to the effect of surface
events. However, for the environment considered, the bending
moment at the stress joint is considerably higher than thatin a
splagh joint.

Fig. § presents the change of the von Mises stress along
the riser string. In this representation the von Mises stress in
the CPR tube hody have no physical meaning because of the
materizl charzcteristics. The dynamic riser analysis program
docs not account for the anisotropy of the CPR jomt
However, the stresses in the stress joint and in the splash zone
could be eritical in determination of the top-tensien

requirement

Stress Joint Design Criteria: In Fig. 9 the maximum ven
Mises stress along the riser, which occurs in the stress joint, is
plotted against top-tension. The von Mises stresses in the
stress joint are traced et two lecations. Location A is always at
the riser hase. When the riser tension is low, excursion of the
vesse! causes a bending load a the riser base, leading to a high
von Mises stress. Excessive bending at the bottom can be
compensated by incressing the top-tension. However,
increasing the top-tension also increases the axial stress
component of the von Mises stress. Since the stress joint Is
tapered, a location, which changes with the top-tension value,
aear the top of the stress joint could also experience a high
stress, The swess at this Jocation is indicated by B. As

anticipated, there is a crossover between the curves A and B.
From stress joint design considerations a proper (op-tension
value can be selected based on these curves. The stress joint
design may also be optimized by modifying the stress joint
geometry and material propertics, which is currently not
considered as part of the riser system cenfiguration
optimization procedure.

PTG PARAMETER  MEAN K ALIE

Figure 6 : Variation of axial tension along the riser. Riser
configuration with 16 composite produclion risers, top<ension =
532 kips.
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Figure 7: Bending moment variation along the riser length. Riser
configuration with 16 composite production risers, fop-tension =
532 kips.
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Figure 8 Maximum von Mises stress variation along the riser
length. Riser configuration with 16 composite production risers,
{o~ tension = 532 kips.
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" Upper and Lewer Bounds of Tep-Tension Requirement:.
Since a compressive load is not allowed at any location along
the riser string in the top-tension riser design, at the very
minimumn top-tension should be greater than the riser weight,
Production risers in a TLP are typically pre-tensioned to 1.3
tmes their weight. This value is indicated as the “lower
bound” of the top-tension requirement in Fig. 9.

The CPR joints are placed at a location where the axial
stress dominates the riser performance. As indicated in Fig. 6,
the highest axial load along the riser string occurs at the top
CPR joints. In Fig, 10 variztion of axial load at the top CPR
jomt with top-tension is presented.

The CPR joints are subjected to a muliitude of
deformations and failure mechanisms. The CPR joints under
axial loading may fail in a tube body or at the MCIL Based on
the data presented in Tig. 4 and Fig. 5, some of the critical
design issues are illustrated in Fig. 10. Since application of the
wensioner load is close to the top of a riser string, with respect
1o the overall riser length, the (ensile load in the top CPR joint
is very close to the tensioner load, with a slight change due to
surface waves and currents. The top-tension corresponding to
microcracking in the CPR tube body, glass/epoxy and
carbor/epoxy ples, and MCI {ailure are Indicated. Note that
microcracking of the CPR wbe body occurs ecarlier than the
MO failure. The “upper bound” for the top-tension
requirement is chviously governed by the MCI strength,

i

Impact of Top-Tension on the Riser Failure Modes: All of
the design issues considered in this study are combined in Fig.
11. The pre-tensioning requirement drives the lower bound of
the top-tension. Nofe that the lower bound is dependent on the
riser weight, The upper bound for the top-tension appears to
be the strength of the MCI. As the riser is configured for
deeper waters, the lower bound increases. On the other hand,
the upper bound is a strength property of the CPR joint which
does not change with water depth. Consequently, for a deeper
water configuration the difference between the upper and
lower bound decreases, This would limit the room for top-
tension optimization in a deeper waler viser configuration,
Apparently, when the lower bound reaches the upper bound
the riser configuration is no longer feasible. The difficulties in
the top-tension operation zone can be alleviated by placing
CPR joints farther below the water surface where the axial
loads zre smaller, such that the npper bound can be further
increased.
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For the present configuration the applied top-tension
anposes several classes of design issues, as shown in Fig 11.
Five regions of failure mechanisms may be considered: low
tensioner  load, opiimoem  tenstomer load, glassiepoxy
composile microcracking, carbon/epoxy comnposite
microcracking, and the MCT failure. For a low pre-tension, a
high bending stress in the swress joint is most critical and the
minimum pretension requirement is not satisfied. An optimum
top-tension requirement region exists in this configuration,
Frem thie stress joint considerations, the optimal top-tension
may occur at the high end of this region. However,
competition between the weight penalty paid for higher
iensioner capacity and the stress in the stress joint must be
considered in selection of the top (ension requirement. A
smaller design spiral may be suitable to further optimize the
top tension requirement i this region. The next region is
designated zs high tensicner-load region. In this region the
CPR tube body 13 susceptible to microcracking and damage
accurpulation which may lead to long term stiffiiess and
strength degradation. This region can be further divided into
wo, based on carbonfepoxy and glassepoxy layer
microcracking resistence. It is desirable to avoid this region by
proper configuration of the riser system and proper selection
of the tensioner capacity, Finally, the upper bound of the riser
configuration is governed by the MCF failure. For the cases
under high axial loading, the failure strength of the CPR tube
sody is greater than the MCI strength, Note that, for combined
axial and pressure loading cases the failure modes may be
different, as depicted in Fig. 5.

Top  Tension Requirement for  All-Steel  Riser
Configuration: The top tensicn requirement for an ali-steel
riser configuration is also calcvlated, using the same
methodology. In this case simple fatlure modes leads to fewer
top tension requirement regions, as illustrated in Fig. 12. The
lower bound is determined by the riser pre-tensioning

requirement, whereas the upper bound depends on the
capacity of the API connector. The critical location for the all-
steel riser configuration is in the stress joint. Since the lower
bound and upper bound for the all-steel riser configuration are
far apart, the tensioner load corresponding to the minimum
von Mises siress in the stress joint may be used as for proper
design purpose.

Impact of Tensioner Requirement on TLP Size: The impact
of aforementioned top tension requirement on the TLP size is
ilfustrated in Fig. 13. It is demonstrated that the TLP size is
not linearly dependent upon the top tension requirement. For a
small tensioner loading, less than 500 kips, the impact of
change in the fensioner capacity requirement to TLY size is
smallest. Each pound saved in the tensicner requirement is
reflected by approximately 1.33 times to the TLP size, In this
study the top tension requirements for the composite and all-
steel riser configurations are in the medium tensioner capacity
range, where reduction in the tensioner capacity is refiected on
tite TLP size by approximately 1.75 times. The results from
the optimization procedure suggest that the optimum top
tension for the all-steel configuration is 710 kips, and for the
composite riser configuration is 560 kips. Reduction of 150
kips in top-tension eguals to 275 kips weight reduction per
riser which is 4,400 kips of total weight reduction. In other
words, when the top tension is decreased from 710 kips for
all-steel riser to 560 kips for 2 CPR on a 16-riser TLP, the
deck payload capacity would be increased by 2,200 short tons,
& very significant increase in the cost/per deck payload. The
irapact of the top tension requirement for @ higher capacity
tensioner configuration, e.g. deeper water applications, is
expected to be more dramatic. For the fop tensioner
requirement greater than 700 kips, the tensioner requirement
is magnified by approximately 2.11 times when considering
TLP sizing.
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CONCLUSIONS AND ADDITIONAL REMARKS
Based on the results obtained, the following conclusions may
be reached:

1. The impact of reduction in the riser weight and

lensioner capacity requirement to the TLP size is
quantified. The comparisons in weight saving are
summarized in Table 4.
In the current 2,000 {t water depth configuration, the
riser weight and tensioner requirement can be reduced
by 83 kips and 150 kips, respectively, by introducing
CPR jomnts in the riser siring. For a typical 16-well
configuration TLP, the total weight reduction is
estimated as 4,400 kips. With a reduction in riser
weight and tensioner requirement, the TLP can be
increased by 3.31 and 1.83 times, respectively. For
deeper water riser configurations potential for TLP
size reduction is greater simply because more CPR
joinis can be placed in the riser string

Difference | 83 | 150 | 2,200

ATLP size 2.200%2
= -—= 1383
Alensioner Reguirement  150%16

ATLP size 2,200%2
. — = 33]

ARiser Height  83*16

TABLE 4; TLP WEIGHT SAVING SUMMARY

Riser weight Tensioner TLP size
{kips} requirement | (short tons)
{kips)
All-steel 443 710 31,0600
Composite 362 560 48,800

[

To determine accurately the cost benefits and
enabling capabilities of introducing CPRs into a
TLP, an interdisciplinary study, invelving riser
dynamics analysis, naval architccture, znd
composite mechanics/design is necessary.

Lo

Numerous factors need to be considered in
ietermination of the top tensioner requirements
of TLP production risers. In addition to the design
parameters and failure modes considered in this
study, issues sach as vortex induced vibration and
riser clashing needs to be considered in a wide
range of loading scenarios. In this study the
dynamic riser analysis is conducted for the case
of 100 year hurricane loading.

4. The riser axial strength and the metal-to-
composite jomt performance remains w be
improved. The CPR tube body’s axial strength is
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higher than the MCI strength in the high axial
loading cases. However, when the CPR joint s
loaded in the axial direction, degradation and
damage of the CPR tube body occurs
progressively as the individual plies has different
strengths,  Advanced  long-term  strength
prediction methodologies must be developed to
optimize the materials and lay-up sequence in the
comiposite riser tube body.

L2

The patential cconomic and  perfonmance
advantages of using composite materials for
coupled TLP riser tension and construction are
significant, The light weight of such tendons
made of composite materials may  directly
translate Into more effective reduction in top
tension and, therefore, the TLP size or
equivalently, into incresse in a TLP payload
capacity. The higher stiffness of the compoesite
tendons will make natural periods of the TLP
motion in the vertical plane mach less sensitive to
water depth increase.
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Abstract

The important issue of the influence of probabilistic {iber
composite strength on  the reliability assessment of a
composite production riser is studied. Based on composiie
micromechanics, the probabilistic strength function of a fiber
composite is formulated to include the fiber strength statistics,
The strong anisoiropy in composiic strength requires the
statistical strength theory of {iber composites be developed i for

a composite production riser (CPR) subjected 1o general
multiaxial loading. A probabilistic fajlure model, based on
progressive damage and failure composite plies, has been
constructed for CPRs with hybrid composite construction. An
efficient computaiional procedure has been established, using
a coupled nonlinear composite laminate shell stress analysis
and the probabilistic faifure model developed, for cenducting
rigorous CPR religbility assessment, Numerical solutions
have been obtained for the CPRs designed and constructed for
a TLP in 3,000 & water subiected to the environmental
loading specified in the NIST ATP Composite Production
Riser Proiect. The results show that the CPR re Hahility is
strongly governed by the statistical strength distribution
fmetions of constituent load-bearing fibers and also by matrix
cracking characteristics in the hybrid CPR system.

1. Introduction

A production riser is a critical load- bearing tubular structural
component which extends the well bore from the sea floorwa
surface platform. A primary function of the riser is to
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ke production tubing which is a fiuid conduit
to the reservoir.  Additional functions of a production riser
include accommodating  well control  hardware  and
facilitating  well completion and  workover operations.
Composite production risers (CPR’s) are currently seriously
considered in the present deepwater E & P development
because of their advaniages of light weight, cxcellent
corrosion resistance, superior fatigue characteristics, and
great design flexibilities,  Current studies {1, 2} have
indicated that introduction of composite production risers in a
deepwater TLP system will result in, among other advantages,
significant weight reductions, lower top tensions, and reduced
toads in the botiom stress joints.  These would lead to
cffective cost savings, simplifications or elimination of
tensioners and riser handling systems, reduced platform deck
loads, and reduced design requirements of seabed stress
joints.

From 1979 to 1989, the Institut Francais du Pétrole (FP)
and fxc; ospatiale conducted extensive developmental studies
(2, 41 on high-performance fiber-composite tubes up to 9-inch
{Eé&mmcr for offshore E & P industry applications. The efforts
included manufacturing, mechanical testing, aging and
environmental  degradation  assessment, proof-of-concept
composite riser tests, and damage tolerance evaluation. The
TFP’s composite riser work  did not eventually resuit in an
acceptable and qualified composile production  riser for
offshore E & P operations. A primary reason for this is that
reliability of the CPR was not fully cstablished.

Without overcoming the reliability issues, compoaite
nroduction risers would not be qual tified, and thus could not
be confidently accepted in design and construction of
deepwater production systems, as the financial and safety
CONSCOUEnCes of a riser failure are too severe. Obviously, a
comprehensive  reliability  assessment of the composite
production risers involves many COmMponents, such  as
uncertainties, risk, and economics, Prohabilistic methods
have been recommended to assess the reliability of fixed-leg
steel platform structures (5], Ina CPR reliability assessment,

agcommaodale
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~compasite production riser has been introduced in the current
' CPR development [23]. The testing program has been
designed to develop a performance data base for qualifying
the CPR component.  In addition, the testing program,
combined with an advanced analytical effort, is infended 10
establish a guideline and procedure for future design of CPR’s
with different sizes in other operating conditions.

3. Objecilves

The objectives of this paper are to

(13 Develop a statistical strength theory for anisotropic fiber
composites subjected to multiaxial foading.

(2yConstruct a probahilistic failure model for composite
production  risers  with  hybrid  compuosite  system
construction vnder combined axial loading and pressure.

{3yEsiablish an efficient « <"npmauomﬁ procedure to conduct

cmposite production risers under

reliability assessment of ¢
preseribed loading,

(4) Demonstrate the effectivencss of the developed analytical
methodology for riser reliability by studying the current
NIST ATP CPR Design 6.1 case.

4. Wethod of Approach
4.1 Stress Analysis of Composite Production Riser Tube
Body. The following assumptions on the CPR material and
zeometry are introduced in the current analysis of a composite
production riser whe hody:
(I)P y composite material propertics of a CPR wbe body are
eylindrically anisolropic with a strong shear noniincarity.
{23 Bending on the CPR is small and negligible.
{3) The diameter of ¢ CPR is small compared to its length,
As shown in Fig. 4.1, a CPR tube body is considered to be
a long cylindrical, composite laminate shell with cylindrically
anisatropic ply properties subjected to combined internal
F‘s ssuere and axial tension.  The constitutive equations for
ch ply composite are
1,2.6, 4.1)

, = Qo th=

where €, and o, are ply strains and stresses in material

coordinates, The Q, is anisciropic stiffness matrix of the ply
composite.
In Eq. (4.1} the composite is assumed to behave linearly

along s principal material directions.  In shear, however, a
nonlinear ply constitutive equation is employed, since
glass/epoxy and carbon/epoxy are known to exhibit severe
shear nonlinearity. The poniinear shear deformation may be
expressed as

v, =28, =S,.0, +(S. 0, 4.2

it

where v, 1§ the engineering shear strain, and S and 8§,

are Jinear and noniincar shear components, respectively.
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A classical lamination theory for thin composite shells is
used o determine the ply stresses in a CPR when subjected to
combined infernal pressure and axial loading. The theory
embodies 2 cotlection of stress and deformation assumptions
{241, Based on these assumnptions, laminale stiffness
equations  for thin  filament-wound composite can  be
determined from ply constitutive equations, Eq. (4.1), fiber

orientations and stacking sequence, and are given as follows:
51“51 TA BTl

(S o @
'\Ei 5.3 J L K j

where N and M are resultant forces and moments. The ¢’

and ¥ are mid-surface strains and curvatures. The A, B and
D are well-known extensional, coupling and bf‘ﬂdinc stiffness

mainices, respectively, for a composite laminate shell [25] in
global eylindrical coordinates.
Note that Eq. {4.3) represents 2z nonlinear load-

deformation relationship for the composiic laminate riser
body, since A, B and D matrices are functions of the shear
siress in cach ply. The ply stresses in a composite production
riser {ube body may be determined by using the procedure
proposed in {25] with the aid of an iterative algorithm as
shown in [26].

roperty Degradation Approximations and Evaluation,
hanical propertics of the composite laminate in a CPR
may degrade as internal damage accumulates during the load
increase. A number of progressive fatlure theories have
attempted to address the ply failure progression in a
composite leminate. A common feature of the progressive
failure theories is that proper ply unloading would take place
after the ply fails. In this study, an instantaneous unloading
model is used in progressive failure analysis. The model is
conservative, which zssumes that a composite ply loses its
load-carrying  capacily immediately after the ply fails
Furthermaore, for simplicity without loss of generality, the
well-known maximum stress {allure criteria are used for both
fiber- and matrix-dominated modes of ply failure.

4.2 Pro
M

4.3 Probabilistic Formulation of Damage and Faflure of
Fiber Composites. In general, fatlure probability P, of a
composite riser tube body subjected to exiernal loading may
e cxpressed as

P,{CPR Tube Body}zlﬂ{k}g’ti} (4.4

where M, is the i-th mode of failure and n is the total
number of failure modes involved. Also, the composite riser
tube body failure in a particular i-th mode may be

schematically related to a tocal ply material damage mode as
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Since carbon fibers are vsed mainly to carry the axial load,

the probability of axial ply failure may be expressed in term of
ply fiber brezkage and matrix {racture as
¥ i . N
P {Axial} =P { {v(:\'z MiTTn { 5‘\/{’"‘?’} (4.14)
T =

.,

where M represents carbon-fiber failure in the j -th ply

under biaxial loading. M denotes matrix cracking in the j-
th hoop ply, and 1, s, ¢ are numbers of the specified axial
carbon-fiber composite layer, hoop glass-fiber composite
layer, and hoop carbon layer, respectively. The right-hand-
side of Eq. (4.14) may be expressed as

Pi{AM ‘,f"}n{f\*d !

=1 V_z

MIEIE, {ra M A M}

=1 izt

= P, m“s A ?”}H!‘\i‘”i

3

R

Fo)
7(“

i B ofa
1ii=}

s

PRIV, {“«E”}P{m\’i"‘ ir_\ M) (4.15)

£ E

Zg. {4.15) actually represents a progressive failure process in
the cvaluation of the CPR relinbility, which is an imporlant
feature in the composite riser fajlure (e, In a parallel
system).

In the current CPR design [6], both glass fibers and carbon
fibers are employed in the near h{}or}mourd layers to resist
the internal pressure. They form a parallel system with the
fm!ure probability expressed as
C ca
IninM™

(4.18)

P, (Hoop} = P;{ R{ N Tat! rx \i*

=t -us

where ME® represent fallure of hoop glass fibers
“E

and hoop carbon fiber layers, respectively,

Since large differences exist in strength among the glass
fibers, carbon fibers and the malrix, it may be appropriale to
express Eg. (4.16) in the following form

and M7

t s oty
P {Hoop) = Pl xf o Mg ~ MY
o=l e ) wmi }g =l
< g
s L7 s t
P MER A M‘FM;;’{-’ ~ ?»5“"*“} 4.17
AT T =1 !
Eg E 3=

Again, Eq. (4.17) represents a progressive failure process in
e hybrid, near hoop-wound layers of a composite riser body.
sroper evaluation of probability of the hoop ply failure
requires not only progressive failure analyses of carbon and
giass hoop layers individually, but also the failure analysis of
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carbon hoop tavers under the condition that hoop glass-fiber
layers fail,

The failure probahility formulation for the CPR (Design
6.1} developed above involves a complicated progressive
failure probability assessment. However, when the CPR s
subjected to combined internal pressure and axial tension, the
stress gradient within the hoop carbon layers along the
thickness direction of the tube body is small. This is also true
for the hoep glass-fiber layers and the helical carbon layers.

herefore, assuming the coefficients of variation in ply
strength arc small for the glass and carbon reinforced plies,
equations (4.14} and (4.18) may be simplified by combining
all the hoop-wound carbon laminae into an “equivalenmt”
carbon composite layer. A similar approach may be taken on
the hoop glass lavers and the axial carbon layers. Therefore,
one has the resulting forms for P, { Axial} and P, {Hoop} as

P, {Axialj = P [M™ m M™"} (4.18)
P, {Hoop} =P, {M N Al }
o {I\/i < M & MM }Pi {:ﬂ EfR | B e }p{ {}\é mea } {4 i 9)

5. Compuistional Bigorithm Development for CPR
Feliabllity Analysis
5.1 Begradation of Composite Riser Laminates.
{1) Composite tube body matrix damage

in the case of matrix cracking in CPR tube bodies, the
aforementioned maximum  stress criteria are employed.
Material property degradation associated with the damage
requires Instanfancous unloading in the computational
schieme. The composite ply with matrix cracking is assumed
1o lose its partial load-bearing capacity. The ply stiffness
matrix in the material coordinate system at a degraded ply
may be modified as

{Ejﬁé

{2} Composite tube body fiber breakage

In the case of fiber breakage in CPR wbe bodies, the
maximum stress criteria are also employed. Material property
degradation  assoctated  with  the damage requires
instantaneous unloading.  The composite ply with fiber
breakage is assumed 1o lose its partial foad-bearing capacity.
The stiffness matrix in the material coordinate system in a
degraded ply is modified as

0 0
a0
0 0

[0{}

=0 Cy O
b o @

o
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failure modet development.

(3YA probabilistic failure model, based on progressive
damage and failure of fiber composite plics, has been
constructed for CPR's with hybrid composite laminate
systems under combined pressure and axial loading.

(4)An  efficient computational procedure  has  been
cstablished, based on a coupled composite riser stress
analysis and the probabilistic faifure model developed, for
conducting accurate CPR relizbility assessment under
prescribed environmental loading.

(5) The effectiveness of the analytical methodology developed
has been demonstrated by a critical evaluation of the CPRg
designed and constructed for a TLP in 3,000 ft water
subjected to the environmental loading specified in the
NIST ATP Composite Production Riser project.

(6) The numerical results chizined from the study indicate
that the composite riser reliability is strongly governed by
the statistical strength distribution functions of constituent
load-bearing  fibers  and  also by matrix-cracking
characteristics in the hybrid riser composite system.
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ABSTRACT
Composite maferials offer several unique properties such as high

strength-fo-weight ratios mid excelient fatigue and comrosion resistance
Tl nake then economically atractive for deepwater risers. To msure
SUCCE: ‘{ul design and operalion of compostte nsers, several key techm-

cal issues that are unique to composite components must be addressed.
Iixc'- ssues melude the imterface between the composite pipe and the
metal connector, internal and external damage protection, analysis
methods and thelr validation, allowable strength parsmeters, manufac-
turing and quality control strategy.  The paper reviews current prac-
ices for addressing these izsues ag they were applied fo both
u,mpm]tc production and drilling risers. In addition, the paper sumn-
marizes the basic performance and cost data for these risers. A brief
review of recent olfshore application of composite compenents is also
presented.

v
L

INTRODUCTION
As part of the oil industry's efforts to reduce the ife-cycle costs of
despwater developments and to improve relisbility, considersble atien-
ticn is being devoted to the evaluation and application of innovative and
cost-compeliive alfernative materials. Advanced composite materials
sffer several aitractive properiies such as reduced weight, improved
corrosion resistance, proper thermal resistance, and exccllent fatigue
performance. Although on & one-on-one basis components made of
coimposites will most Hkely be more expensive than an wdentical, or
fmctionally equivalent, seel w’lmc*pun on a performance-oqualed
basis, G economic advaniage of compesiie components can ollen be
demonstrized by exmmiming their impact on reducing system wd fa
eyele cosis. This is achicved because composites penmit greater design
flexibility for wilormg structural properfies to meet specific design
requirements, Uws promoting system sunplification zmd achieving
h;;ﬂ:ct reliability. Also, new innovations are being dcvclopcd o embed
iher optics and elecirivs] conducions into the composile part to monitor
wa.wmi mtegrity and loads during service, and o oblain operational
conditions from ramote locations.

cates have been suceessfully used by the oflshore ol indus-
v a variety of applications (Salama, 19 )") These inchude storage
tartkcs, pressure vessels, low pressure pipes, reinforcements for flexible
pz;xs wrgm shafls, stmctural parts, seals, gratings, fire and blast walls,
cabile travs, ete. The motives are lower weight, less maintenance, and
redu mz mstallation costs. Some specific cx’ﬂmplcs for the ofishore
:3};‘“ iton of fiborglass compostles mdada, fire waler pig }iz‘;g {Amoco's
Val mlf, Connec's Agaquci, , Shell's Mars, scawater piping (Duba,
Conoeo's Heldrun, Phifhips Flollsk), storage vessels (Conoco’s Heidrun,

3,

Amoco's Davy/Bessemer), grating (Shell's Mars, Ram-Powell and
Ursa)y, mud mats (B1fs Garibaldi C), and subsea welthead prefection
{Shell's Vigidis and Draugen). High-pressure (3000 psi operaling pres-
sure) composite acowmulator vessels have been used for production-riser
tensioning systems on Mars, Ram-Powell, and Ursa TLPs. They are
constructed of carhon/S-glass fiber epoxy composiie over an HDPE
finer with 316L slainless steel bosses. While the weight of these com-
postte vessels was sbout 1/3 the weight of the equiv aien{ steal vessels,
the cost of the composite vessels was actually lower than the steel ves
sels. Composite pressure vessels have been dazvcksmd axd field c*uail—
{izd for use as mud gas separators {MGS8). The primary advantages that
composite MGS offer are reduced main{enance and 50% weight savings
over carbon stecl vessels,

Suceessful composite experiences, coupled with the need to reduce
iz life-cycle cost of deepwater development, have motivated the indus-
v {o examine the application of composites i several critical applica-
tions, particularly for water depth sensitive components such as riser
nipes and riser components {uper joints, tensioners, choke and kil lines,
ete,), Initial efforts focused on composite production risers because of
their obvions advantage in reducing the required pretension and  simpl-
fving the n'scr fensioner system. During 1985 o 1989, several major oi
companies jomed with the Institut Francals du Petrole and Acrespatiale
to dev m}p dh" evaliate & 9 5/8 inch composile production riser (Sparks,
1586; Sparks, et al, 1988). Although the project achieved techaical
suceess, it did not meet the commercia] Inrdles because the composite
price was high.

As a (cliow-up {o this study, Lincoln © Gmpeanu, suggested desigs
changes to r:-:ducz. the cost of the composite risers.  These changes
invelved simplifiing the metallic threaded joint and using the lower cost
E-glass instead of the S-glass. In order to assess the effect of these
chz nges on beth performance and cost, a joint-industry project that is

Jointy funded by NIST/ATP was initigted in 1995, A crifical clement

of this project was the speci{ication and implementation of & compre-
hensive testing program to confinm the advantages, validale the
design, and establish long-term performance of a high pressure (6000
psi operating presswe) 10% inch composite production riser.
Building on the results of this project, Norske Conoce and Kvaemer
initiated a joint industry project that is panially funded by EU
Thenmie to design, manufacture, and quaiify 22 inch high pressure
composite drilling riser joints. In order to confinm the advariages and
secure operational staff cenfidence in composite risers, field testing of
the compesite drilling riser joint on Heidran TLP is part of the
NCAS/Kvaemer project.  Due to the seventy of service performiance

Copyright © 1999 by ASME



pave the way for broader fiel applications of other risers whose joints with a premium steel connector. The cost target for the com-
posite riser with steel premium connectors is 1.5 times the cost of an
equivalent steel joint with a welded connector or 10% less than a

recuirements, the field quaification of composite driffing risers shouid of the compesile production riser are related to equivalent steel riser
i

{orrpance requirernents are jess severe,

Using the compesite production and the drilling riser projects as steel riser joint with an integral connector that is machined on an
hasis, the paper reviews Key ftechnical issues that nesded to be upset end. The weight and cost of the compesite drilling riser 1s
addressed as part of these projects. These issues include the nterface related to equivalent tianium riser joints that have been used on
between (he composite pipe and the metal connector, internal and exter- Peidrun TLP. The composite drilling riser joint is supplied with the
1l damage protection, analysis methods and their validation, allowable same tianizm compact flanges being used on Heidrun, Figure |
strencth peraneters, and manufzcturing and quality confrol stralegy. shows a schomatic of the main features of the compesife drilling Tiser
The paper summarizes the basic design and cost performance daia for joint. Figure 2 is a schematic of the composite production riser and
these two composite Tiser projects and reviews current practices for Figure 3 shows prototype composite production riser joints thut have

been used for testing. During the design of these riser joints, seversl

addressing these issues as tiey were applied o e,
technical issues that are not commnon to steel risers needed to be

STATUS OF COMPOSITE RISER PROJECTS addreseed. These ssucs include the interfrce betwaen the composite
Table 1 provides a summary of the basic specification and the pipe and e metaf connector, intemal and extemal damage protection,

performance of NIST ATP  composite production riser and analysis methods and their validstion, allowsble strength parametors,

NCAS/KOP drilling riser joints, Details on these projects have been and manufactizing and quality control strategy. The following sections

discussed by Saluma, Jolmson, and Long {1998) and by Salama, discuss the rationals that was utilized to resolve these issues.

turali, Buldwin, Jahnsen, and Meland (1999). The weight and cost

Table 1. Comparison between Design Requirements and Pradicted Joint Performance

Design Parameter Composite Drilling Riser Composite Production Riser
Specification Performance Specification Performance

Intemal Pressure, pgi G200 12,450 {min.) £000 11,000 {min.}

Bendme, kN-m 1401 2180 {min) NA WA

Axial Load, kins NA NA 200 900 (min.)

External Pressure, psi 470 2500 {rmin) 2500 4006 (min.)

Impact, kI 56 50 s 3

Fatiguc, vrs 45 170 90 = 100

Tube Slifiness, EA. kips 1,124,000 940,000 100,600 120,000

Dimensional Limits 0= 22 inch Hy =22 1D = 10,057 iD= 10.05”
GD <311 nch oD = 251" O + as reguired Ob =127
L=482 f L=d482 ft L= 308 L=50f

Tube W, Ib/it < 1303 {Trwt) 873 < 53 {steel wi.) 20.6

Joint Weight, ib < TU6% {Tiwt) 5,642 < 2,900 {steel Wi} 1,356

Cost per foint, § <450,000 (Ti costy 250,000 .- 300,000 <1 5,600 (1.5Xstec] cost) 14,250 - 15,250




Figure 2. Schematic of Compoesite Production Riser Connection



Figure 3. Photograph of Riser Specimens Used for Testing

M‘:TAL-COMPOSETE INTERFACE (MCI) FOR RISERS

The oration of composite and melal [iings & always 2
u.‘ahczaun g aspect of composite structural design. The differeaces

materisl }3?(}9&,}11(,3 between the orthotropic {ilament wound compos-
ite and the isotropic metal end fifting impose special requirements on
the selection of the manufacturing process and part design. Numerous
attachment methods have been demonstrated, with a wide range and
vartely of load-carrving capabilities. These attachments rely on two
basic approaches to provide the load tmsfer between the composile
tube and the metallic joint.  These two approaches are adhesive
bonding and mechanical interlocking. In selecting an MCT opiion, the
fabricability of the mochonical interlocking system and the long-lerm
jqui\: ol !ha_ d&msz\ i}um niust b&, wussd red, Mu.inmacal l{}d\mﬁ

o TN
increase resistance to ﬁbcr pu}j of loads and to rolazcn
at E}.L tip of the metal {ermination. For joints that rely ondy on
fiter imn‘m’ syst %z,s, a mechanism such as a lp seal andfor o-tings

d between the tip of the metal fermination and the
o prevent the migration of internal fuids eround the

metal tp.

Tn selecting a cost-cffective composite-to-metal connection for
risers, it is recognized that the riser is not subjected to torsional loads.
The use of traplock attachiment fhoop groove mechanical locking)
have been demonstrated for many composite components that are
murindy subjected to axial und pressure Joading, Therefore, they are
considered as most appropriate lor riser applications. The multiple
waplock configurations dlustrated i Figures | and 2 incorporale une-
piece end filings into cach end of the composite fube dunng the
flament winding process. Traplock joints we very cost-effective
because the end fittings are manufactured with standard machine
tools and folerancing. Prior to the filament winding process, the two
end fittings are installed on the fame nt-winding mandrel, The fit-
ings are accurately located and held in place by specialized tooling
details gt each ond of the mandrel. Low-angle helical lavers are used
o give t’z{, joint its axial strength and stiffness. These lavers are
wourd over the end fittin g3 and are compacted into the grooves I the

fitting by winding hoop layers over them. Localized axial reinforce-
menis can be incorporated mto the trap to increase joint performance.
The mechanism of load transfer in 2 multiple traplock vartes
depending on part geometry. Axial load is transferred between the
composite tube and steel fitting acress the trap faces, In order to
achieve a good distribution of load between mulliple fraps, the
designer mus! balance the relative stiffnesses of the metal and com-
posile materials. Tinite element analysis (FEA) can be used
effectively for joint optimization.

DESIGN AND ANALYSIS APPROACH
An important step for design of composite risers is to define all
L\})gclt_d failure modes, to establish the appropriate analysis stmtegy
to predict them, and to specify proper material allowables to ensure
ihat the component has sufficient capacily to satsly the design
requirements. The following are potential failure modes for compos-
ite Fisers:
*  Tube body failure due to exceeding fiber tensile and/or com
pressive mzcncth:
* MU failure dua to exceeding [iber tensile and/or compressive
strength;
* MLl failire due o exceeding composiie inferlaminar shear
strength;
*  TFatlure of the metal components,
¥ Damage of the liner due to loading and/or operations;
* Corrosion-induced failure at the composile-metal miterface,

tsblishing the performance limits of composite joints under all
possibie loading combinations using finile element analysis (FEA}
invelves the numerical model simulating the actual component, the
analysis procedures, and the materisl allowsbles. The basic elements
of the analysis approach include establisking sitresses and strains af all
critical positions and comparing these values with shorl tenn, long
term, and fatigue allowables. Several FEA formulations are available
for modeling composite materials with orthotropic properties. Non-
Huear static FEA is extensively used for detatled design and analysis
work.




alysis of composite riser joints involves the use of two-
"-imczas;( nal (210} axi-symmetric solid moedels, three-dimensional (3-
I3y soiid models, and 3D shell models. In general, the 2-IF axi-
synumetric models are used to analyze and optimize MCI and tube
wail geoma:‘nw The 3-1 selid models are used to evaluaie the per-
formance and behavior of the riser joint under bending moments and
visder fmpact loading,  Hyperelastic solid elements arc used m mod-
ehing clasiomer lavers &“d 2-13, 3-node, pcmi«twsu{ﬁzce contact

clements are used to model the contact between the compostie and

orthotr o;m material properties used i the FEA analvas can
i E ed using {Eix.. rule of mixtures and laminated plate theory
(LPT). To reduce ¢ FEA model size and processing fime, grouping of
composite layers with different materials andfor fiber orientations
within a single mode! clement Jayer can be applied. LPT is used 1o
generate representative orthotropie material properties for grouped
lavers. The FEA models need to account for beth material and

geomelric nen-linearity.

”1’?12 fwo common approaches to analysis of composites are the
HHCTOM s approach and the macromechanics approach.  The
mCTone d& uic_\ approach is based on considerafion of the elastic and
thermal characteristics of individual lamunas based on consideration
of the mteraction between the various constituents, The macrome-

chanics approach, on the other hand, uses equations of orthotropic
elasticity to calouiale sfresses, strains, aré deflection, bul assames
Lt wmpusz s have homogenous properiies. Alter the determination
of stresses in individual ples due to appli ed toads, acceptability of
the design is based on comparing these values with the allowable
strength of the material using & sviteble faflure criferion.  For wso-

fropie materials that exhibit yvielding, such as steel, the distortional
energy theory (von Mises criterion) {s conynonly used. Sinece com-
posites sre nexther isotropic nor exhibit gross yielding, several fallure
theories are being used to predict fiber faflure under axial wensile or
compressive siresses and predict matrix failares under transverse
stresses and shear stresses (Salama, 1997). One shmplification that i
oflen used in enginecring ;‘raﬁiwc 1s to make the assumption that the
Lomgoam is fuily crazed as a result of the thonmnal stresses mduced
during cure. This rn,pfa,scrh a rcase 1ably conservative assumption
and allows smzphmaimn of the analysis becanse no atlempt is made
to monitor the progression of resin cracking. To 'mccunl for the
change in lmninate hehavior due (o resin crazing, leming propertics
¢ changing by reducing the transverse elastic propetiies as follows:

&;

crazed = 01 Bz (Gridenec ¥ 05 Guz
izdaszes = 0.007 Riplasdonmed = 0,001 pins

ANALYSIS VALIDATION

Validating the accuracy of the analysis approach of composite
risers is & critical part of accepting analysis as basis for design with-
out the need to fmplement an extensive qualification testing program.
Therefore, this cbjective was an teportant goal for the Nl Si-;‘ki?
Composite Production Riser (NIST CPR) Project. Figure 4 compares
the mean failure envelope as predicted using previously described
FEA analvsis strategy with measured dota on the 10% inch RIST
CPR with wrap-lock MCI joints. The comparisen involves joinls
subsected to internal pressure, extornal pressure, axial oad, and com-
binastions of pressure and axial loads. The mbulis clearty demonstrate
the accuracy of the predictions and their level of conservatism.
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Figure 4, Comparison between predicted shoriterm load capacity
of 10% inch NIST CPR joints and measured values

ALLOWABLE S?RENS}“HS FOR COMPOSITE MATERIALS

An ;l.ig}miam clement of the design of the composile joints is the

selection of appropriate &01 veble siresses for *I*L different design

cases. These design cases include short-lerm toads, long term bpt:'i"‘"
ating loads, and cwl;n, fatigue loads. Polymer-mairix composi
materials exhibil creep rupture behavior, similar to the behavior ci'



some metals at elevated temperatures. Therelore, the sale design of

stroctures using these materials requires the consideration of load
durations, the probabilities of the loads cccurring and (he acceptable
-probabilites of fzilure. The approach that has been adepted for riser
design is to establish long term performance of composite structures
wang the probability functions \i::ve%cped by Robinson (1991} for the
tress ruptize performance of composite pressure vessels.  Thus
pproach cieg*gdx_s the static strength allowables based on load dura-
tien and accepiable probabilily of failure (Fyr. To demonsirate the

g on

validity of this approach, several NIST CPR joints were subjected to
different levels of intemal pressure with end effects (i.e., combined
internal pressure and axial load). The joints were held under load
unti} failwre. The resuls of these tests are presented on Figure §
alomg with static fatigue curves caleulated using Robinson’s method,
with slope adiusted for a belter fit to the data. The resulls demon-
strate the validity of using R{}bmsan s approach for predicting the
sress rapture performance of filament wound compeosite risers,
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Figure 5. Composite Riser Stress Rupiure Predictions Based on Evaluation of
hIST CPR Static Fatigue Tests Using Robinson’s Method.

There are teo approaches that have been proposed for
establislung  aliowable stresses for cem sosile risers. The first
approsch s based on considering the | Is:l.s or A-Basis strength
vaiues for mzz:pswi—v laminates as equivalent to the mininmun {ensile
L renglh value used mi mectal components, and mnpose on tus value
he APTRP 27T safety factors specified in Table 2 {AFL, [997) The

B-basis slrcngﬂ. is the strength value above which af least 90% of the
test resulls are expected to {5l with a confidence of 95%. The A-
basis strength s the strength value above which at least 99% of the
test results are expected to fall, with a confidence of 95%, Table 3

wovides an example of typieal rsean, B-basis and A-basis sirength
values for carbon fiber composites.

Table 2. APIRP 2T Aliowable Stress Limits for Risers

Design Parameter Design Case
installation Normalloperating Normallextreme

Net Section Stress

%% vield strength 67 &7 80

%% ultimate strength 50 50 60

Local Bending Strength

Ye vield strength 87 87 120

%% uitimate strength &7 67 80




Table 3. Typical Strength Properties of Carbon Fiber Composites

Property Mean B-Basis A-Basis
Ksi {MPa) ksi {MPa} ksi (MPaj}

Room Temperature, wet
Fiber Tension 4347 (2806) 382 (2630 366 (2524)
Fiber Compression 188 (1256 175 ¢1207) 631123
Interlaminar Shear 13.4{92) 124 (853 11.7(81)
170°F, wet
Fiber Tension 361 (24907 340 12344) 325 (2241
Fiber Compression 165 (1138} 153 /1053) 144 {5933
Interlaminar Shear 11.8(8D 11 {76) 10.3(7H

The second approach is to establish aliowable strength
valyes based on & probability of fallure of 107 within the
servica life of the riser system. The probability of a riser joint
failing under a given design case during a specified service life
can be obtained by multiplying the probability of the composite
joint failing during the expected duration of the loading by the
probability of scourrence of @ given load within the specified
service life, as follows:

Pany = Proory X PL= 10°

where:

Pyry = Total probabiiity of failure of a COR joint under a given
lcad during the service life,

Preory = Probability of fallure of 2 COR joint during the
expected duration of the given toad;

P_ = Probability that the given load will occur during the service
year service life.

The probabiiity of failure of a riser joint at an application of
"z given load with & given duration, Preory, Is established as
follows:

Pycomy = 10/ PL

Using this approach, & is necessary (o assign values to PL
for the various design cases and the loading duration for each
design case. The valug of P can be calculated for an event
that will cocur once in R-vear {return period} in @ given service
iife {T, in years) based on the extreme analysis procedure as
foliows:

PL=1— {1-1R)

As an example, the value of Py for a 100-year storm event
and & service lifs of 25 years is 022 The required relizbilities
are used with the creep rupture curves shown in Figure 5 1o
calculate slowable stress rafios for the composite material for
each design case. Allowable siresses for each desigh case

are cbiained by multiplying the mean material sirength by the
sllowable stress ratio. These alloweble stresses can be
thought of as safe “working stress” levels that ensure that the
product has the desired probability of surviving each design
case. For both production and drilling riser studies, allowable
sirengih veliuss based on the reliability approach and values
based on the APl RE.2T safety faciors and A-basls strength,
were very similar,

Ancther critical element in the design of composite risers
requires establishing a fatigue design curve to assess faligue
performance, particularly for the trap-lock MCI joinis. Similar to
metals, the fatigue design curve for composites can be
presented in terms of a two parameter fatigue S-N curve that
has the form NS™=A. The first parameter is the slope (n) of the
§-N curve. The slope of the fatigue curve depends on the
material system {i.e., carbon or giass) and on the failure mode
(i.e., tensile, compressive, or shear). For faifure dominated by
shear strength, as is the case for the traps, published data
indicates that the value of n for carbon fiber composites is
between 18.73 and 23.83 (Karayaka and Wang, 18899, Pipses,
1974 Awerbush and Hahn, 1981). To ensure conservatism,
the lower value (18.73) is proposed. The second parameter {A)
is derived by considering the static strength of the joints at the
service temperature as the fatigue strength coiresponding to %
cycle. The accuracy of the static strength predictions has been
confirmed as shown in Figure 3. For the mean faligue curve,
the value selected is the mean strength &t temperature based
on static uitimate test data (Table 2), For the design fatigue
eurve, the value used is the A-Hasis allowable strength at tem-
perature (Table 2) based on the statistical distribution of the
static ullimate test data, Using the above epproach, the mean
SN fatigue curves for 70°F and 170°F service are as shown in
Figure 5, along with design curves based on A-Basis aliow-
ahles. Shown also on Figure 5 are the resulis of fatigue tests
on twelve NIST CPR jeints at three different stress ranges. The
accuracy of this approsch is demonstrated by the test results.
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Figure 5. Comparison between Fatigue S-N curves for Traplock MCl's and test results using NIST CPR joints.

DAMAGE PROTECTION

Cemposile risers can be subjected lo severs! damage mecha-
nisms during their fabrication, installation, and service. These dam-
age forms must be identified and addressed as part of the design
strategy, Carbon fiber composite rissr pipes will have sufficient resin
azing due 1o the thermal stresses induced by the curing cycle and

¢
the mechanical stresses induced during the shop pressure test, This
crazing will result in a compesite structure that does not provide suf-

fcient fluid tzhiness under pressure. Therefore, carbon fiber com-
sosite risers must be provided with an intemal elastomeric and/or
tnetal Tiner to enswre fuid tightness. The intemal liner must be com-
patble with the internal fluids, Depending on the application of the
riser, production, workover, ransport, waler injestion, or &rifling, the
Haer will be in comaet with one or more of these fluids: hydrocarbon,
senwater, drilling muds, hydrochloric acid, biocides, chloride or cal-
cium chloride, corrosion and seale inddbitors, methanol/glyeol, and
demulsilicrs. Also, beeanse of the resin erazing, the extertor of the
compasite deer must be provided with an external elastomernie liner in
arder o prevent migration of external seawaler into the composite
wall and through the MCL  For elastomeric liners, careful design
consideration must be given to the sealing mechanisim between the
liners and the metal termination. For the NIST ATP production riscr,
& special pre-moided clastomeric lip seal was used fo ensure that
itemal flids would not migrate through the seal-tenmination infer-
fnce. Several design and manufacturing jterations wefe necessary
unti] acceptable design was established.  The long-term performance
of the latest seal design under high interual pressure (above 9500 DSt}
Las been demenstrated, This experience shows that the mere bonding
of an elastomeric liner to a pre-fabricated composite riser joint will
net he suflicient to cosire long-term leak tightness because the loug-
tern inxfeprity of the adhesive bond line cannct be assured.

Ter drilling and werkover risers, the interzal Tner will not enly
get in contact with chemicals, it will also be in contact with running
tools such as drill bits, milling tools, fishing overshots, coring teols,
uneler reamers, packers, safety valves, ete, The experience on using
an mternal abrasion mnd wear elastormeric (a 3-uun hydrogenated
nitrile rubber (HINBRY) liner that is adhesively bonded to Heildrun's
titenium drilling riser suggests that tear damage of the elustomeric
Jiner by nunning tools is inevitable, Therefore, an elastomeric liner
alone may not be sufficient to enstre pressure integrity because of the
high probabiiity of its tearing damage. In order to ensure leak tght
conditiens even if the internal elastomeric liner is damaged, 2 metal
liner must be used. The use of melal liners offers an additional
sdvantage because they can be welded to the MCI and therefore
climinate the concern of possible leak around the seal area. However,
the use of metal liners complicates the design of the niser jomnt
because of the thermal and stiffness mismatch between the metal and
the composite pipe. Use of steel may be proven difficult because the
risers are subjected to axial and bending loads, making it necessary 1o
employ fow stilfness metals such as titanium. Because of the poor
wear and ahrasion resistance of titanium, an clastemeric liner must
alse be incorporated, similar to the one used for Heidrun’s titaniom
nisers. If, however, it can be prover that a thick elastomeric liner of &
ceinforeed liner will be able to withstand petential damage by the
running tools, the use of metal Hners can be avoided.

Another important damage mechanism that must be accounted
for in design of composite risers is external dumage from mishan-
dling and impact by dropped objects. Resistance to damage due to
mis-handiing and small dropped object tmpact can be provided by an
external clastomeric liner and a fiberglass overwrap that is used to




compact the rubber liner during curc. A detaiied failure mode, effect
 and enticelity analvsis (FMECA) on Heidrun TLP indicated signifi-

cant probability of a riser joimt being subject to fulling object impact
loads of about 50 kJ for joints located below the 30 m water depth
apd 256K for joints located above this water depth. A dropped object
suck as 13 548 inch casing joint induces this level of impact energy.
Tests on @ composite drilling riser joint that is designed for field
{esting on Heidrun showed that the 50 kI criferion can be satisfied by
the 0.G907 (2.3 mm) external liner of FINBR and the 0.0407 (1 mm)
thickness of E-Glass/fepoxy composite Dlament waund over the
HNER. However, for joints located above the 30 m water depth, a
special impact protector 1 recuired, The system that hes been proven
satisfactery for Heidnm’s composite riser has aitemating plies of bi-
directional woven (iberglass cioth and random oricnted [Tberglass mat
and crushable foam material of epoxy mecrospheres and class micro-
spheres embedded in a polymer matrix (Salama, ctal. 199%)

Proteciion from fire is not considered a requirement for the
composite riser joints because they are only proposed for use under-

Wil
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MANUFACTURING AND QUALITY ASSURANCE

The manulichze of composite risers is performed using Com-
puter-controtied multi-axs {lament winding machines, Prior to
winding the composite, the inlernal liners (clasiomer or metal) and
the end fittings are aceurately lovated and held in place by specialized
tooling details at each end of the mandrel.  To facilitate high-rate
preduction, fiberglass and/or carbon rovings are impregnated with
anewred epoxy resin duing G winding process. The wind program
controls il the layer sequence and wind angles, as well as the resin
content and fiber tension.

The low-angle helical lavers are wound over the end fittings and
reversed through low-profile domes located outhoard. After the com-
pletion of a helical laver, itis secured between the trap geometry and
dome, and then cut loose from the dome. The helical lavers are then
compactad into the grooves in the fitting by winding structural fiber
over it Localized axial reinforcements are ncorporated mto the trap
s @ simlar manner. Following winding, the mandrel-wound
assembly s removed from the winding machine and placed nfo a
rotating cure dolly in a curé oven After cure znd inspection, the
assembly is placed again into the winding raachine, where an extermal
fimer s gpiral woapped on the O, of the composite. A {inal
overarap of two favers of {iberglass is wonnd over the HNBR for
compacting it and providing exira abrasion protection. After the
averwrip, the part s placed back in the oven for the final cure. After
cooldown, e mamdrel is removed andd the part s inspected. Tor
risers, most of the load resistance 1S provided by carbon fibers,
Cireunferential lavers of E-glass are sometimes used to increase the
buckling resistance of the cross-section by incteasing the separation
distanice between the hmide and outside carbon circumferential
reintarcements, Also, hybrid lavers of carbon and E-glass fibers can
rance and impact resistance of tie

e wsed 16 increase (e damage tok

fube wall,

Although many non-destructive testing (NDT) echnigues have
been successfully applied for inspection of composite components, the
application of these techniques for inspecting composite risers can be
limited because of the presence of internal and extenal elastomeric
tners, Therefore, the overall integnty of the composite riser must
heavily tely on the swecesshl implementation of a compreliensive
quality assurance program (QAF). The basic clements of a QAP
nclude inspection and testing of all raw materials ({ibers, resing, adhe-
sives, efey, detsiled specification of all maavafacturing  parameters

Cemperature, tme, winding speed, winding tension, etc.). documenta-
tion of all specified process data, n-process inspeetion of manufactur-
ing process, dimensionad and visual inspection, proofl {oad testing, and
some destructive testing of fabricated components. Destractive testing
is used not only to confirm design and manufactering, but also to
develop monitoring parameters such as stiffness, local displacement
ardd neoustic emission signature that can be used to verify the quality of
compesite risers during proof load testing.

CONCLUSIONS

Solutions to the key technics] chailenges that are being faced by
designers and fabricators of composite risers have been presented.
These challenges include interiace between the compeosite pipe and e
metal connector, internal and external damage protection, analysis
methads and their validation, allowsble streagth parameters, ard
manufactuing and quality contrel swategy. The vaiidity of these
solutions has been demonsirated by results on both compesite
production and drilling riser joints. The technizal issue that has not
been fully addressed is the extent of use of NDT techniques to
validate the qualily of camposite risers.
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ension leg platforms {TLPs) are

buoyant platforms used for off-shore

drilling and oil production. Unlike
stationary platforms, which are used in
shallow waters and have rigid, compres-
sion-loaded legs mounted into the sea
floor, TLPs are vertically or near vertically
moored with tethers that limit the heave
mation of the platform, By Hmiting this
vertical motion, TLPs are able to support
wellhead on the platform itsell, giving
them a significant advantage over other
floating structures.

The key clement of the TLP is the vertical
moaring svstem, which restraing both the
vertical and latersl motions of a TLY hull.
The mooring system consists of oundation
and tether systems. The foundation is the
means for transmitting the loads from the
tether into the seabed, and the
tether system 1s the lnk

carbon fiber composite cable.
developed by Conoco Inc. {Ponca City,
Okda) and Kvaemner Qilfield Products
(Oslo, Norway). The cable structure wholly
avoids the factor of collapse resistance.
Normally, the hollow tubes of stecl tethers
have dry interiors 1o reduce their wejght
wlien submerged. For composite tethers,
the material density is low enough so that
submerged weight is a negligible factor.
The first step in the manufacture of
the cable is to pultrude small-diameter
(1/S- to 3/16-inch) composite rods. The
fibers used are AKZO Fortifil 556 80K
tow and Zoltek Panex 33. Customized
epoxy resing are used as the matrix,
Strands are then manufaotured from
100 to 300 rods using a typical wire rope
stranding process. The use of a lght

It is being

the tether cross-sectiont can be constructed
from a mumber of composite rod strands,
each located in a separate channel created
by plastic profiles, The profiles are made of
polyvinylehloride and sre extruded into
shape and combined with the carbon
fiber/epoxy strands in one process. Because
there is no bond between the PVC profile
and the strands, the strands are free to
move individually along the length of the
techer, allowing them to adjust to and
better distribute loads along the cable.

The last step in creating a composite
cable is the “termination proecess,” which
seeures the tether to a metal fitting, This is
accomplished by potting the tether in a
conical steel termination fixture using a
metal-filled epoxy resin. Since the design
concept is mainly driven by the stiffness of
the tether, a high-load-transfer-
ring termination is not required.

As an extza benefit, an optical

between the seabed foundation
and the buovant hull.

By all accounts, future off-
shore oil exploration will tend
toward deeper and deeper
waters, and the tether is the
part of the TLP system most
affected by increasing occan
depth. Current dosigns use steel pipe
as the tether, but as water depth
increases, the walls of these pipes must
be substantially thickened in order to
resist the inereasing external water-
pressure, This results in a significant
weight increase that will cause the
tether to sag as the buoyane hull
moves laterally, reducing its ability
restore the platform to its original
position. The sag also results in a loss
of axial stiffness in the tether, which is
eritical to ensure that the natural
periods of heave, roll and pitch
motions are maintained below  four
seconds to avoid pladform resonance.

Two advanced composites solutions to
this problem have been proposed: com-
posite pipe and composite cable. Both
solutions offer fower weight, higher
strengeh and stiffness, superior corrosion
resistance, and improved fatigue resis-
tance over the steel pipe currently in use.

The approach that surpasses the exist-
ing stee! paradigm and best utilizes the
properties of advanced compasites i the

380 mm

Design and Engineering
Tether Body Materials
Tether Equipment . - . .

ite and Equipment Preparation

Al

STimm
composite
rod sirancs

profiles

dion ol croses

helical twist, typically 2-3° on the outer
rods, with a polvethylene overwrap,
gives sufficient coherence to the strand
for handiing, coiling and transportation
without significantly affecting the axial
strength and stiffuess. The strands are
cut to depth length and wound on a
spool for further handling.

The strands are then assembled into &
tether using a wire rope manufacturing
facility or using an umbilical fabrication
facility. Using the umbilical approach,

intermediate

fiber network can be placed
within the composite cable to
monitor its structural integrity.
By embedding optical fiber in
this manner, it is possible to
measure strain and failures in
each rod and strand. The exact
position of failure can be relayed, and
measures can be taken to correct such
problems as they cceur.

A sample cost-comparison between

g gv;;m ene steel pipe and composite cable is
gfg&\fﬁi) shown for a 40,000-ton stecl platform
. pye in 4,500 ft of water {the data is shown

as a ratio between the two systems
rather than actual dollars and includes
those items which may be different
between the two systems ). This data is
hased on the use of Zoltek or Akzo PAN
33 Mst modulus large tow fibers, which
are presently available at 88-94b.

The concept is cost-effective when
compared to steel eables, and could open
a very large market for carbon fiber. The
TLP used in the cost study, for example,
would require over 1.5 million lhs, of
carbon fiber. A market of that size would
certainly help to drive down the price of
large-tow carbon fibers. [IRG

Ohestions about this concept can be directed
to Mamdouh M. Salama, Conoco, Inc.
Ermail mdmdvmesalema@usa.conooce.com
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COMPOSITE MATERIALS FOR OFFSHORE OPERATIONS -2
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ABSTRACT

Composite Accunulator Botiles (CAB’s) are being produced for the offshore oil industry
by Lincoln Composites of Linceln, Nebraska. CAB pressure vessels are all-composite
pressure vessels, based on technology developed by Lincoln Composites for the Natural
Gas Vehicle (NGV) market. There are three CAB designs currently qualified lo the
reguirements of ASME Section X. The materials of construction, manufacture and testing
of the pressure vessels are discussed. The development of larger vessels is planned to
meet the needs of the offshore industry.

INTRODUCTION

Lincoln Composites, formerly Brunswick Composites, is currently producing all-
composite pressure vessels for the offshore oil industry. These pressure vessels are the
first application of composite materials in primary structural systems in the offshore
industry. To date, vessels have been developed for Shell’s Mars, Ram Powell and Ursa
Tension Leg Platform (TLP) riser {ensioning sysiems. These vessels are certified to the
ASME Boiler and Pressure Vessel Code, Section X, Fiber-Reinforced Plastic Pressure
Vossels. Even with the conservative design margins required for certification under
Section X, Lincoln Composites’ Composite Accumulator Bottles (CAB’s) offer
significant weight savings relative to steel botiles without the increased costs usually
associated with composite materials,

LINCOLN COMPOSITES AND COMPOSITE PRESSURE VESSELS

Lincoln Composites, formerly Brunswick Composites, has been involved in composite
filament winding since the 1950°s. The first composite cylinders were manufactured with

' Lincoln Composites
? Shell B&P Technology Company




an elastomeric liner and a fiberglass/epoxy overwrap, and were primarily for usc on
military aircraft. As technology advanced, the need for lower permeation rates and lighter
weights resulted in the development and use of composite cylinders with metallic hners
and overwraps constructed of aramid and carbon fibers. These composite cylinders were
and still are used in many military and civilian aircraft, missiles, flotation systems and
space applications.

[n 1991, Lincoln Composites initiated a program to develop an all-composite fuel tank
for the Natural Gas Vehicle (NGV) market. Figure } is a representative cross-section of
an all-composite pressure vessel. The tenm “all-composite” refers to a vessel with a non-
loadsharing liner made of plastic. Plastic hiners have low permeation rates and a virtually
unlimited fatigue life. They are also less expensive and require shorter lead time for
procurement than metal liners. The first all-composite fuel tank was cerfified in June
1993 to the American National Standard (ANSIH AGA NGVZ, Basic Requirements for
Compressed Natural Gas Vehicle (NGV) Fuel Containers {1]. Since 1993, Lincoln
Composites has designed, developed and certified over thirty (30) NGV tank
configurations.

The CAB family of pressure vessels is an extension of the all-composite pressure vessel
technology developed for NGV application. They have been developed primarily for use
as energy accumulators on riser tensioning systems. To date, three configurations have
been qualified per ASME Section X, for application on the Mars, Ram-Powell and Ursa
TLP’s (see Figure 12). Inquiries have been received from parties interested in using
CAB'’s for other offshore applications, some of which would require vessels much larger
than the currently qualified configurations.

ALL-COMPOSITE PRESSURE VESSELS

Materials of Construction

As shown in Figure 1, the all-composite pressure vessels produced by Lincoin
Composites consist of a hybrid composite shell, combining carbon and fiberglass
reinforcements impregnated with epoxy resin, filament wound over a High-Density
Polyethylene (HDPE) liner. The carbon and E-glass {ibers are combined at the ply level,
with both fiber types in the filament winding band. As the product line is expanded to
inchude larger diameter vessels and thicker walls, the wall thickness will likely consist of
carbon/epoxy structural layers with a sacrificial overwrap of fiberglass for damage
mitigation. These combinations of carbon and fiberglass reinforcement provide a means
of bringing together the best attributes of both materials. HDPE is an excellent performer
as a liner material. Though inexpensive, it is easily formed and has very low permeation

rates.
Carbon fiber is known for its excellent fatigue performance. At a safety factor of 5.0, it
has a projected reliability of 0.999999 for a lifetime in excess of 10,000 years [2], and a

cyclic fatigue life in excess of 107 cycles [3]. There is some concern about the damage
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tolerance of carbon fibers. This is due in part 1o the high elastic modulus of carbon, its
crystalline nature, and the fact that due to its high strength, carbon pressure vessels
typically have thinner walls relative to glass-reinforced vessels.

The incorporation of E-glass fiber into the design addresses the above concems about
damage tolerance. E-glass provides improved damage tolerance by itself, but more
importantly, it Increases the wall thickness of the laminate. By increasing the wall
thickness, the effect of damage to a vessel’s outer layers is lessened because the ratio of
damaged layers to undamaged layers is decreased. Also, increased wall thickness
increases the stability of the vessel’s cross-section, reducing its susceptibility to localized
buckling or “oil-canning”. The use of E-glass to improve damage tolerance is very cost
effective compared with simply adding more carbon fiber to the wall. As vessel wall
thickness increases with increasing diameters and burst pressure requirements, equivalent
damage lolerance can be achieved with less E-glass content. Very large vessels may be
reinforced with just carbon fiber to minimize weight and still exhibit adequate damage
tolerance. A full overwrap of fiberglass is recommended to attenuate and distribute
impact loadings, and to provide a sacrificial layer to withstand cuts, scrapes and gouges.

Reinforeing fibers are encapsulated in 2 polymeric matrix, usually a thermosetting resin
system such as €poxy. Lincoln Composites’ LRF-R0600 1s a proprietary epoxy
formulation with low cure temperature and time, excellent environmental resistance, and
high compatibility with carbon and glass fibers, It is used for all ASME pressure vessel
and NGV fuel tank applications and is qualified to ANSI/AGA NGV2 requircments.

The liner is comprised of two injection molded HDPE domes fusion welded to an
extruded HDPE tube. HDPE is inexpensive, has good environmental resistance, is easily
formed, and has low permeability. Based on measured permeation rates, a vessel with an
HDPE liner that was pressurized to 3600 psi with air would lose only about 0.01 psi per
year. HDPE has been used for over 30 years in natural gas pipelines, and is used for
containers to store various hydrocarbons.

Pressure Vessel Design for ASME Section X Qualification

The CAR’s currently being produced by Lincoln Composites have been designed to meet
or exceed the requirements of the ASME Boiler and Pressure Vessel Code, Section X,
Fiber-Reinforced Plastic Pressure Vessels. The design pressure of these vessels is 3000
psi, which is the maximum design pressure allowed by Section X for filament wound
vessels with uncut filaments, The design temperature range is -20°F to 150°F. Section X
and requires that the vessel be cycled from atmospheric pressure (0 design pressure: a
total of 33,000 times, with 3000 cycles at 20°F and 30,000 cycles at 150°F, prior to a
burst test at 150°F. For filament wound vessels with uncut filaments, the burst pressure
after cyeling must exceed five times the design pressure, in this case 15,000 psi. Lincoln

Composites designs these vessels for a minimum virgin burst pressure of 16,500 psi
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(110% of the minimum requireiﬁent}, to account for variability in fiber strength and the
manufacturing process.

The high burst pressures required for ASME Section X qualification result in vessel walls
which are approximately twice as thick as vequired for an NGV vessel of the same
diameter. Therefore, the vessel designer must not only ensure that sufficient
reinforcement is provided, but must also consider the problems involved m
manufacturing such thick-walled vessels. More than 50 filament wound layers may be
required to create a typical CAB cylinder wail. The placement of the reinforcing fiber is
critical to vessel performance, in particular the location of the pattern turn-arounds or
reversals at the end of each circuit of application. For example, 2 CAB design may have
as many as six different angles of axial reinforcement to avoid an excessive buildup of
fiber around the polar bosses. Traditional pressure vessel design methods such as netting
analysis and laminated plate theory are useful in initial sizing of the vessel wall
However, to ensure producibility and to account for localized stresses, modelling tools
which account for the variation in layer thickness when a layer is reversed in the vessel
cylinder or on the vessel dome are required. Lincoln Composites has developed internal
design codes for this purpose. An example of a wall cross-section resulting from these
codes is shown in Figure 2.

Extensive use is made of Finite Element Analysis (FEA) to evaluate the pressure vessel
design. As a minimum, a two-dimensional axisymmetric model of the vessel is
constructed, with considerable effort going toward the accurate representation of as-built
geometries and material properties. The FEA provides the best predictions available for
the layer-by-layer stress condition of the vessel wall, particularly in the vessel dome and
in the transition region between dome and cylinder. These results are post-processed
using codes developed by Lincoln Composites to produce fiber stress plots as shown in
Figure 3. The polar boss geometries are included in the FEA, for purposes of evaluating
their working stress levels against code requirements.

The demenstrated safety factor of greater than 5:1 for the carbon-reinforced CAB's is
sufficiently high that it has a virtuaily unlimited lifetime, in terms of both static and
cvelic fatigue loadings. The Factor-of-Safety requirements of several industry standards
for composite pressure vessels are listed in Table 1. The differences in safety factors
between the various fiber reinforcements requires an understanding of their stress rupture
behavior. The stress rupture characteristics of carbon are substantially better than those of
glass. For example, if glass fiber is held at 80 percent of its average ultimate strength, its
characteristic lifetime is about 1 hour, while carbon fiber held at 80 percent of its average
uitimate strength would have a characteristic lifetime of over 1 million years. ASME
Section X was developed more than 20 years ago for glass fiber reinforced pressure
vessels and does not differentiate between fiber materials when assigning safety factors.
This is considered very conservative for the CAB application, particularly for hybrid
vessels. However, to satisfy regulatory requirements, a new standard incorporating lower
safety factors and perhaps damage tolerance testing would need to be developed and
approved.
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Fabrication

The fabrication of an all-composite pressure vessel begins with the machining of the
polar bosses. Numerically controlled machine centers are used to ensure repeatability and
dimensional control (Figure 4). The bosses are located on the axis of the vessel and
usually contain ports, although sometimes one end of a vessel is provided with a blank
boss. The bosses for NGV use are usually machined from aluminum bar or impact
forgings. For offshore application, 316L stainless steel is used because of its superior
corrosion resistance.

The domed ends of the HDPE liner are injection molded around the vessel bosses as
shown in Figure 5. The boss is retained in the dome using a mechanical interlock as
shown in Figure 1. Keyways are cut in the top and bottom surfaces of the boss flange.
The HDPE flows into these keyways during the injection molding of the dome. Bonding
of the boss to the liner material is not required to maintain a gas-tight seal. Lincoln
Composites has been granted a patent for this liner-to-boss joint.

A liner assembly consists of two injection-molded domes welded to a center cylinder
scction. The cylindrical portion of the liner is manufactured via a pipe extrusion process
to produce a tightly controlled diameter and wall thickness. The process is similar to that
used to produce plastic pipe for gas transmission.

The welding of the liner is also based on methods used to join lengths of HDPE pipe. A
dome is placed in a weld fixture with a section of pipe that has been trimmed to length.
The surfaces to be welded are then machined in an automatic facing operation to ensure
that the weld faces are parallel and clean. After verification of alignment, a programmed
weld sequence is initiated to complete the weld process. A heated platen is positioned
between the dome and pipe for a controlled period of time and pressure. At the
conclusion of a pre-set heating time, the platen is removed and the melted surfaces are
fused by forcing them together for a controlied period of time (Figure 6.

Upon removal of the liner from the weld fixture, the external weld bead is removed and
the fusion process is then repeated a second time for the other end of the liner. After
completion of the second weld, the liner is dimensionally inspected for overall length and
weld mismatch. The liner is then thermally treated fo reduce any stresses induced by the
weld process, and then re-inspected for overall length.

Filament winding of the composite laminate is accomplished in a computer-controlled
multi-axis winding machine (Figure 7). To facilitate high-rate production, the fiberglass
and carbon rovings are impregnated with resin during the winding process. The method
of impregnation is proprietary to Lincoln Composites, and controls the resin percentage
within 2% by weight. Fiber tension is pre-set and controlled during the wind process. The
layer sequence and wind angles, as well as the resin content and fiber tension, are all
controlled by the wind program.
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After completion of the filament winding process, the vessel is heated using infrared
heaters until the surface is tack-free. This “b-stage” solidifies the resin matrix but does
not tesult in complete polymer crosslinking. The vessel is then moved to a curing oven
where it is heated until the epoxy matrix is completely crosslinked. At this point, the
fabrication of the vessel is complete except for coating/painting,. NGV vessels are
painted after the b-stage to promote adhesion. However, ASME Section X requires that
proof testing be performed on unpainted vessels, so any desired coating systems are
applicd to the vessel after acceptance testing. Typically, this would consist of a low R
epoxy polyamide primer and a polyurethane barrier or top coat.

Qualification Testing for ASME Section X

Upon completion of the pressure vessel design, a Design Verification Test (DVT) unit is
fabricated and burst at room temperature. This test is not required by ASME Section X,
but is conducted to evaluate vessel performance prior 1o proceeding to cycle lesting,
Fobrication of a DVT unit also provides an opportunity fo develop manufacturing
processes (1.e., “work out the kinks™). A minimum burst pressure of 16,500 psig (110% of
the minimum burst-after-cycle pressure of 15,000 psig) for a virgin vessel tested at room
temperature is considered sufficient margin to proceed to cycle testing.

Afier 2 successful DVT burst, the ASME qualification unit is fabricated. The design
pressure of these vessels is 3000 psi, the maximum design pressure allowed by Section X
for filament wound vessels with uncut filaments. The design temperature range is -20°F
to 150°F. Section X requires therefore that the vessel be cycled from atmospheric
pressure o design pressure a total of 33,000 times, with 3000 cycles at -20°F and 30,000
cycles at 150°F, prior to a burst est at 150°F. For filament wound vessels with uncut
filaments, the burst pressure after cycling must exceed five times the design pressure, in
this case 15,000 psi.

Acceptance Testing of Production Units

Fach CAB production unit is subjected to a series of acceptance tests to verify liner and
composite integrity (Figure 10). This test sequence includes a proof pressure test, weight
and internal volume calculation, hydrostatic leak test and a final dimensional inspection.

The first step in the process is to determine tank weight and volume. This 1s done by
weighing an empty tank and then weighing the tank after it is filled with water. The tank
is then subjected to three (3) hydrostatic pressure cyeles. Per ASME Section X, the first
cycle is performed at 4500 psig, 1.5 times the design pressure. This satisfies the
hydrostatic test requirement for production units. Any air that is entrapped between the
liner and composite overwrap is removed by this cycle.

For the second pressure eycle, the tank is pressurized at a rate of 200 psig per second and
held at the design pressure of 3000 psig for a minimum of 30 seconds. Volumetric
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expansion is measured during this pressure cycle, and the permanent set and elastic
expansion are calculated.

The third pressure cycle is a leak test. The tank is again pressurized at 2 rate of 200 psig
per second, and is held at design pressure of 3000 psig while the tank is carefuily
examined for leakage.

PRESSURE VESSELS FOR OFFSHORE APPLICATIONS

Lincoln Composites currently has three CAB designs qualified to the requirements of
ASME Section X. These vessels are being fielded on the Mars, Ram Powell and Ursa
TLP’s. Lincoln Composites’ CAB’s weigh about one-fourth to one-third as much as an
equivalent steel vessel, yet are priced competitively. Dimensional, volumetric and weight
data for Lincoln Composites” family of CAB pressure vessels are listed in Table 2.

Figure 11 shows the installation of a Mars riser tensioning system with CAB’s mounted
on the tensioners. These 50-gallon, 365-pound vessels were qualified in late 1995, and
aver 120 units are currently in service in the Guif of Mexico. Their deployment was
significant as it was the first use of composite materials in a primary structural system
offshore. The second CAB design was qualified to ASME Section X in late 1996. This
65-gallon, 485 pound vessel was designed for the Ram Powell and Marlin TLP riser
tensioning systems. A third CAB confi guration has been designed for the Ursa TLP riser
tensioning system. This 85-gallon vessel is 104 inches long and weighs 565 pounds.

The three currently qualified CAB design are shown in Figure 12. Designs have been
developed for 40-inch O.D. and 46.7-inch O.D. CAB’s for accumulator and air pressure
vessel applications. It is anticipated that at least one of these larger designs will be
qualified sometime in 1998.
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Table 1-Fiber Factors of Safety
Standard Glass Aramid Carbon
Acrospace 3.0-40 1.5-3.0 1.5-2.0
FRP-1 3.33 3.33 NA
FRP-3 35 3.0 2.25
NGV2/FMVSS 304 3.5 3.0 2.25
ASME 5.0 5.0

Table 2-Lincoln Composites CAB Data Summary

Diameter, in | Length, in | Volume, gal | Weight, 1b Burst-After-Cycle, psig
17.3 82.5 50 365 16,391
20.1 81.7 65 485 17,040
19.9 104 85 565 18,600
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Figure 1. The Lincoln Composites all-composite pressure vessel consists of an HDPE
liner with integral port bosses (U.S. Patent #5,427,845) and a hybrid composite
overwrap. To provide impact protection in NGV applications the vessel domes are
encapsulated in rigid foam (U.S. Patent 5,476,189) and the vessel is over-wrapped
with non-structural layers of fiberglass. This has not been required in CAB

applications because of the thicker vessel walls required for ASME Section X
gualification.
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Figure 2. Lincoln Composites uses internally-generated codes to predict laminate
huildups during the design of thick-walled pressure vessels.
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Figure 3. FEA results are post-processed to produce fiber stress predictions. This
information is combined with testing to develop design allowables.
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Figure 4. Stainless steel CAB bosses ~ Figure 5, The boss is entrapped in the
being machined in 2 numerically- HDPE dome during the injection
controlled lathe. molding process.

Figure 6. The injection molded domes Figure 7. Epoxy—imregated strands
are fusion welded to extruded tubing of carbon and E-glass fiber are
to form the vessel liner. filament wound over the liner.




Figure 8. Every vessel is leak- and Fiﬁgue 9. The CAB’s aré';{alted after
proof-tested prior to shipment. the leak and proof tests are completed.

Figure 10. CAB’s installed on a riser
tensioning system.
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Figure 11. Lincoln Composites currently has three CAB desigus qualified to ASME
Section X,
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ABSTRACT

Syathetic mooring topes are among the several alternatives
being developed for positioning deepwater floating platforms.
These ropes are constructed from polymer fibers such as
polyester, nylon, or aramid. Individual fibers are grouped in
varns and swands, and overlayed to yield ropes of different
diameters. Synthetic mooring lines have shown to provide
numerous advantages over steel cables, enabling deepwater
exploration and production, Widespread utilization, however,
entails addressing technical challenges in rope material
characterization, dynamic response and mooring system
design, installation, design life prediction, and reliability
assessment.

In this paper, a polymer mechanics based methodology is
presented to address the long-term performance of mwooring
lines. The methodology provides an insight into the time-
temperature dependent nature of synthetic rope deformation,
A procedure for estimating damage evolution and the residual
strength of a synthetic mooring line is also discussed. Failure
of mooring terminations is beyond the scope of this study.
However, outlined deformation and failure models can be used
to design terminations, which are subjected to iocalized
multiaxial stresses.

INTRODUCTION

I addition to obvious weight savings, characteristics such as
neutral buoyancy, lower prefension requirements, improved
fatigue performance, and better corrosion resistance make
synthetic ropes an attractive replacement for steel cables as
mooring lines for deepwater floating vessels. The potential
advantages of polyester mooring lines have been successfully
demonstrated in several feasibility studies [1,2] and pilot [3,4]
srojects. These projects clearly illustrate the operational and

economic benefits of synthetic moorings and outlined the
following technical challenges: (a) special requirements
during installation, (b) complex loading history and associated
time-dependent deformation during service, (¢} a multitude of
Jong-term failure mechanisms due to combined creep and
fatigue, and (d) potential strength degradation, in part, due to
hysteresis effects, seawater exposure, and fiber abrasion.
These challenges may be overcome with long-term testing and
physical ~ deformation and failure prediction model
developments, and farther field demonstration projects.

In this paper, a polymeric mechanics based method 15
outlined to address deformation and failure of synthetic
moorings. First, a review of mechanical characterization
models of synthetic ropes is presented. Subsequently, a
deformation model for synthetic moorings is described.
Failure prediction methodologies for synthetic moering ropes
subjected to a marine environment are then discussed.

LITERATURE REVIEW

Single Fibers, Yarns, and Small Ropes

A number of studies [5-12] have been reported in the open
literature on mechanical properties of synthetic fibers, yarms,
and small ropes. Cyclic and creep fatigue data were obtained
[6,7] for Nylon 66 and single polyester fibers, yarns and ropes
in air and sea water for load frequencies ranging from 0.1 Hz
(typical in a marine environment) to 20 Hz. It was observed
that the strain at faflure under different loading (monotonic
loading, static fatigue and cyclic fatigue) is the same (Fig. 1).
It was postulated that the failure mode of fibers was mainly
creep rupture, regerdless of the loading cases. Using the
cumulative time under load as a failure parameter, creep
ruptare madels for fibers may predict the failure in cyelic tesis
at different frequencies in wet and dry conditions. The fatigue
resistance of Nylon 66 and single polyester fibers, yarns, and
small ropes are of similar nature at all frequencies, when the
S-N curves are plotted in the S-time to failure domain. Cyclic
fatigue experiments {8,9] on small polyester ropes indicate
that in a loading range up to 80% of the rope breaking
strength, the accumulated fatigue and shori-term rupture
strains are comparable.

An experimental study to investigate the heat build-up in
polyester filaments and yarns is discussed in {12]. In a single
filament subjected to cyclic loading, the heat-build up due to
hysteresis increased with strain amplitude. Comparisons of
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heat build-up in yams and ropes revealed that for lower strain
amplitudes (of practical interest for mooring systems) only the

* material-related hysteresis occurred vis-a-vis {riction between

filaments and yarns. In extreme loading conditions, a
temporary temperature increase is likely to occur due to both
fiber-to-fiber abrasion and material hysterisis.

Load

Monatonic loading o
fatlure
{strain rate dependent

Static fmigue to fadlure |

>

40 A
I/
!

- a8

7

Cyelic fatigue to fatlure

Strain

Cumulative
Failure strain, all cases

Figure 1. Schematic of deformation characteristics of synthetic
fibars and ropes under monotonic, stalic fatigue, and cyclic
fatigue loading {10].

Mediwm and Large Diameter Ropes

In addition to the material characteristics of their constituent
fibers, the behavior of medium and large diameter ropes is
also influenced by their construction. Consequently, the
performance of large diameter synthetic ropes depends on a
multitude of deformation mechanisms, including cumulative
creep to tupture, hysteritic heating due to cyclic loading of
filaments, friction and relative displacement between the yarns
and strands.

Due to their larger cross-sectional geometry, the
hysteresis and friction cause a temperature gradient with a
higher temperature in the core of the ropes and a lower
temperature at their surface. The core temperature has been
observed [9] to reach an equilibrium value after several cycles
of foading and is a function of the strain amplitude. A
temperature gradient of 20 C is reported in a 0.57 diameter
rope, which is significant as compared to the glass transition
temperature of the synthetic ropes.

Figure 2 illustrates levels of details effecting deformation
and failure characteristics of large diameter ropes. Two levels
of additional chalienge in describing the rope deformation
behavior are: (1) establish the micromechanics relationship
between the global yam deformation and the individual fiber
hehavior (Yarn Mechanics), and (2) the relationship between
the global rape deformation and the yarns (Rope Mechanics).
Development of a rigorous model is beyond the scope of this
tudy; rather, a methodelogy suitable for mooring analysis is

outlined.

As indicated in Figure 2, the fibers and yam in a large
rope are subjected to complicated loads, even the rope s in
simple tension. Depending on the factors such as fiber size,
rope size and structure, fiber Jocation within the rope, each
fiber sustain different transverse and shear loads in the fibers
and yarns. This complexity Jeads to scale difference, which
bring abeut the importance of development of physically
based deformation and failure models with proper rope
architecture.

Singte Fiber Yarn Rope
o
0_{;);,4 5@«}/" . i
FIBER / g
MECHANICS / - i
7 YARN #
[ MECHANCS / rOPE
o= ;/f MECHANICS |~
/ /
/ /
#3 7 - ; /
[+ f’/ H =31
¥ i

Fiber thermal and
mechanical properties

Repe grehitacturs

Figure 2. Global and iocal loads in fibers, yarns, and ropes.

POLYMER MECHANICS OF SYNTHETIC ROPE
DEFORMATION AND DAMAGE

The displacement of a synthetic mooring line consists of
mechanical and kinematic components:

6'}}}&1! = akﬁﬁuh T O juematic {i}

The kinematic displacement component is due to rigid
body rotations and does nof induce loads on the fibers. Largest
kinematic displacement occurs during installation; however,
some portion of the rope deformation is always kinematic
during normal service conditions.

The mechanical displacement component is responsible
for inducing loads on the fibers. The mechanical strain in a
polymer fiber consists of various components:

Entecl D)= Emgs + E7 (O F ey (U + 80 (D) 2)
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the instantaneous elastic deformation, &gy, is dependent on

. initial compliance and loading as follows:

Eg1as =00 Jo (3

The thermal strain, £, 15 induced by temperature change
due to, for example, hysterisis heating of the rope:

gr (1) = o [T(1-To] #)

with o being the thermal expansion coefficient and To is a
reference femperature.

The term £(t) is the time-temperature dependent visco-
elastic (or visco-plastic) strain in the polymer fiber, Under a
constant load, the fibers exhibit a creep strain in the following
form:

ev(t) = J(t-1) o(3) &)

where J(1) is the creep compliance of the polymer fiber and
o(1) is tae fiber stress experienced at time 1. In the case of
nonlinear viscoelastic deformation of a polymer fiber, the J(t-
1y in Equation 5 will be placed by a nonlinear creep
compliance function J{t-1; o{t)), which depends on the
loading o{7) applied at time 7. The creep compliance functions
J(t) or J(teo(r)) can be determined by standard dynamic-
mechanical analyzer (DMA) or creep tests under mechanical
loading.

The term &p () is the fiber strain induced by damage in

“the rope during service. The damage is caused by broken

fibers, and friction and wear among individual fibers in a yarn
and among yarns m a synthetic rope. In the context of
micromechanics and the principle of strain equivalence in
damage mechanics, the gp () may be expressed in the
following form:

O
ep(t) = 1__D(T)I(t 7) (6)

where D is the damage in the rope under the nominal fiber
stress o(t). The D{t) can be quantitatively determined by
considering the microstructure of a rope and the packing
details of varns in the rope.

A typical load history of a mooring line during its design
life is schematically illustrated in Fig. 3. To determine the
creep component of the rope fiber deformation under a
varisbie external loading, the creep deformation can be
axpressed by

{
£y (1) = jf(t~1}égw@ér ™
; dt
Eguation 7 needs to be integrated from the beginning of
installation to the end of design life.

Foad

; i
Normal E Ncmalg

H i
A Ao L b

St b 4] b

E;’é"f';%if;%’m;’s‘af ¥

;

Figure 3. Typical load histery of a mooring line.

INTERACTION BETWEEN FATIGUE AND CREEP
DAMAGE AND LIFE PREDICTION

For synthetic fiber ropes, both creep and fatigue failure
mechanisms operate simultaneously to govemn failure. The
incremental damage law can be written as follows:

dD = dD + dDy + O(D?) (8)
where dD¢ is damage due to creep, dDy is damage due to

fatigue, O(D?) is higher order damage term. This equation can
also be written as:

8D = £ (0, T, (D + D), )6 £ (6, T, (D + D). )dN (9)

where fo and fp are damage functions in fibers due to
simmltaneous presence of creep and damage.

Linear Damage Accumulation and Failure
In the case of linear damage accumulation, Equation 9 can be
simplified as follows:

4 AN
t.(c,T) Ny(Ag,T)

an {10}

where t(o,1} is the time fo rupture in creep under fiber stress
o{(t) and temperature T, and N is the number of cycles to
failure in pure fatigue under cyclic strain range As.

The total number of cycle to failure under combined
fatigue-creep interaction is found by integration;

i Ng{;&i . ‘!
At e AN
= [ + (11)
J ! ELGLC(G‘,T} Np(26,T) |
or
At

1 _I dt 1 i
Ny Jt(a.T) Np{Ae,T) (12)

where At is the period of a fatigue cycle.
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Nonlinear Damage Accumulation
It is well understood the presence of creep damage accelerates

- ‘the growth of fatigue cracks and the presence of fatigue cracks

“increases the rate of creep damage. Using the damage
evelution law of the power formy

M f{ \:,r .
D= — (1-D)* (13)
VA

where A, k. and r are creep damage coefficients for the
polvmer material determined from pure creep tests, one may
use the nonlinear damage accumulation model by Rabotnov
and construct a general evolution law under conditions of
creep-fatigue interaction as

i NR{O\: » [ . E}al' e - B .
JdDz Ji"?i[, (1-D) *dt+fi~(1-D) LWJ dN

(14)

where o depends on fatigue loading Oupm.O, and B is the
power-law fatigue exponent.

OTHER FAILURE MECHANISMS

Fiber-fiber abrasion and hysteritic heating may also
contribute o the damage accumulation. Abrasion of fiber
surfaces leads to fretiing fatigue and increases the rope
‘emperature. Creep deformation may be enhanced due to
nysteritic heating ol the ropes and effect of moisture on the
mechanical compliance. The damage accumulation law may
need to be modified to quantify contributions of these factors
to failure.

The localized compression of synthetic ropes is of the
oreatest significant concern. If the fibers are subjected to
global or localized compressive loads, failure is very likely to
be govemned by compression-induced failure mechanisms, and
the damage law needs to be modified accordingly.
Compression failure of fiber ropes is governed by formation
and propagation of kink bands. The amount of lateral support
of the neighboring fibers and fiber misalignment with the
ioading direction are critical. A small fiber misalignment may
lead to an appreciable change in the compressive strength and
reduction in the fatigue lives. Consequently, fiber construction
and defects play a critical role in compression strength. High
hydrostatic stresses at deep water provide additional lateral
support to resist fiber kinking.

Since fatigue crack initiation is a surface driven
phenomena, surface properties, such as surface roughness,
fiber crystal stracture, fiber and yarn make-up, fiber wear are
important issues. Seawater exposure and associated chemical
degradation of the fibers may also accelerate all of the damage
mechanisms,

DISCUSSION ON MOORING ANALYSIS
PROCEDURES

Dynamic behavior of vessels moored with synthetic ropes ate
being analyzed with approximate methods due to limifations
of the mooring analysis programs io elastic materizls and
limited availability of visco-elastic material property data of
the fiber ropes. Loading rate dependent stiffness of synthetic
ropes is often described by three elastic constanis: post-
instatation stiffness, drift stiffness, and storm stiffness. In this
approach proposed elastic constants can be easily generated by
gmall number of experiments and commercially available
elastic mooring analysis methods can be fully utilized.

Since synthetic ropes have time-dependent material
properties, original mooring configuration should be expected
to change under both short-term and long-term applications.
Time-dependent elongation of synthetic mooring ropes is a
result of recoverable and irrecoverable events as quantified in
Equations 1 and 2. The approach proposed in this study is
suitable to quantify recoverable and irrecoverable elongation
components of the mooring rope.

Failure of synthetic ropes is a damage accamulation
process as outlined in the previous sections. Numerous
mechanisms such as fatigue, creep, environmental attack,
chemical degredation, and abrasion synergisticaily operate to
govern failure of synthetic ropes. Depending on the rope
material, rope size and construction, environmental conditions,
and service conditions, one or more of these mechanisms may
be operative. It should be noted that, each of the potential
damage mechanisms are strongly related to the working stress
level, therefore should be considered in assessing safety
factors of the mooring systems.

Damage accumulation models developed for metals can
not be used for synthetic ropes since they exhibit different
failure mechanisms. For metals, elastic fatigue damage is
typically proportional to the number of cycles. If the loading is
elastic, cumulative damage accumulation under spectrum
loading is calculated by linear Miner’s rule, If the loading is
clastic-plastic, nonlinear Miner’s rule is used. As mdicated in
Equation 8, the damage accumulation law for synthetic ropes
has a different form than the Miner’s rule.

Especially for intermittent applications, the loading
history has to be incorporated in the failure prediction models.
Tracing Toad history and accompanying damage accumulation
is critical when both creep and fatigue mechanisms are
operative,

As an illustration, the total accumulated strain under a
spectrum loading must be less than the ultimate strain of the
rope (Fig. 4). The ratio of the accumulated stram to the
ultimate strain defines the safety of the rope at its design life,
e,

SF = B {(15)
ga

where S.F. is the safety factor at the end of the rope’s design

life. A typical load history of the rope may include instaliation

loads, normal operating loads, short duration storm and




OTC 10812

ADVANCED DESIGN METHODOLOGY FOR POLYESTER MOORING LINES 5

hurricane induced loads and other miscellaneous loads (Fig.
«.. 5. The load characteristics for each case are different and
yield to different strain accumulation rate. As an example, in
“Fig. 5 a schematic of the swain accumulation rate for a
combination of these loading cases (denoted as spectrum
toading in the figure) is compared with one with loads due to
normal operations. Clesrly, the design life due to spectrum
loading would be lower than that due to normal operations.
Given a load history, Equations 1, 2, and 8 may be used to
determine both the total deformation of a synthetic rope and
the time to attain this deformation, yielding the safety of the
rope.
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CONCLUSIONS

Advanced theories of time-temperature dependent rope
mechanics can be used to accurately predict synthetic mooring
rope  load-deformation history as well as damage
accumulation, fatlure and safety faciors. Such approach can be
used to improve the following factors in synthetic mooring
ope design and analysis:

Better assessment of safety factors.

Rope selection criteria

 Life prediction of the mooring system as a function of
rope characteristics

e Lstirnate remaining life and criteria for rope retirement

« [nspection criteria

Develop models to design rope end terminations.

Life prediction of end terminations

« Temperature rises due to internal abrasion and #s effects

L

on cresp.
« Improve rope selection and mooring system design
guidelines,
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ABSTRACT

A model for the fire behaviour of thick composite laminates in hydrocarbon fires has
been developed and experimentally validated by furnace fire testing. Composite panels in
the form of thick laminates demonstrale an excellent thermal response under severe fire
conditions. Heat transfer through the laminate Is slow in comparison to metallic
materials, which leads to long survival times and aids containment of the fire. The
endothermic decomposition of the matrix provides the basic mechanism for slowing down
the heat transfer through composite laminates, whilst the overall integrity of the structure
is maintained for considerable time due to the non-conbustible reinforcement.

INTRODUCTION

In every structural application for composite materials the issue of material response 10
thermal insult is one which must be addressed. As performance-led design procedures
become widely accepted, composites are finding increasing application in new structures
both on and off-shore. It is recognised that exceptional structural integrity can be
achieved in certain types of composite structures under fire conditions. The combination
of low thermal conductivity, resin endotherm effects and structural integrity combine to
provide excellent fire characteristics for application as structural members, fire walls,
blast panels and passive fire protection systems. The structural integrity under fire of
liquid filled pipes or tanks has been reported in several instances [1,2]. Acceptance of
composite materials in fire risk applications depends upon obtaining qualification of the
composite system by satisfying strictly controlled standard tests. Standard testing
involves small-scale tests such as non-combustibility, ignitability, surface spread of flame
[3] and cone calorimetry [4] combined with large scale testing where the material is
subject to ‘realistic’ thermal msult possibly under stractural loading. Large-scale fire

* Centre for Composite Materials Engineering, University of Newcastle upon Tyne
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resistance tests include furnace tests under specified applied temperature / time curves
such as the SOLAS curve [5], representative of a fire driven by cellulosic materials, or the
more severe tegime of the hydrocarbon fire curve [3,6]. Current interest in the offshore
industry centres upon the response of materials to jet-fires [7]. A jet-fire consists of a
turbulent flame from a jet of fuel material, which carries an initial momentum. The jet
flame produces a large radiative heat flux combined with a physical erosive action on
impinged surfaces.

Standard fire testing by qualified laboratories is seen as essential to the safe
implementation of new materials within onshore and offshore applications. A predictive
thermal model, validated against standard fire-test methods will help to minimise the
number of standard tests required to qualify a new material. Furthermore, once the fire
behaviour under the heat transfer conditions of the specific case of a standard furnace fire
test are understood, then the model may be generalised to predict thermal response under
other more realistic fire scenarios. Realistic thermal modelling of fire behaviour then
provides the designer with the capability to demonstrate innovative, new designs with a
predicted fire response and the mininum initial recourse to expensive standard fire
testing.

EXPERIMENTAL: FURNACE FIRE TESTING

Experimental fire tests were carried out using a purpose built, stack-bonded ceramic wool
lined furnace with an active volume of 3.375 cubic metres, gas-fired by a single portable
burner. The test panels are mounted vertically in a specially designed frame forming the
door of the furnace. A large single panel with an exposed surface area of 800x800 mm or
alternatively 4 individual panels, each of 300x300 mm may be tested during each run of
the furnace. The edges of the panels are protected to a depth of 50mm using a ceramic
wool blanket.

The furnace is computer controlled to follow a specified temperature / time program. The
reference temperature is taken as the mean value from four control thermocouples set
100mm from the hot face of the front panel. The bare wire furnace control thermocouples
were insulated from and supported by high temperature steel tubing. The active tip of the
probe projected from the end of the tube. For the purposes of model validation the
furnace temperature was programmed to foliow the NPD hydrocarbon fire curve [6}, as
shown in figure 1, which simulates the high rates of temperature increase experienced
during severe hiydrocarbon fires.
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Figure 1: Temperature / time curves for the standard hydrocarbon and cellulosic
fire tests.

Each test specimen was fully instrumented with thermocouples on the hot and cold faces.
In addition for some of the thicker laminates, inter-laminar thermocouples were set inside
the samples during manufacture. The output of each individual thermocouple was
continuously monitored throughout the test uns and recorded using a computer data
logging system. On the hot face, thermocouple contact could only be maintained at the
start of the test, since the face layer is rapidly burnt away. Copper disc thermocouples
were used on the cold face, covered and held in position by insulating pads. If the
thermocouples were bonded on with epoxy resin, they tended to drop off in the later
stages of the test. Better performance was found using a paste of sodium silicate and ball
clay, provided the contact area was lightly roughened first.

The temperature response of a 22mm thick glass woven roving / isophthalic polyester
panel is shown in figure 2. The furnace temperature increases rapidly to a limiting value
of 1100°C following the NPD hydrocarbon curve standard as shown in figure 1. The
panel response is shown by four separate traces, representing the temperatures at quarter
points through the thickness and at the cold face. The cold face temperature increases
almost linearly throughout the fire test, remaining below 200°C after 40 minutes.
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Figure 2: A typical hydrocarbon curve furnace fire test result for a 22mm thick
polyester / glass woven roving laminate with a volume fraction of 0.5, The top curve
is the furnace temperature, followed by three inter-laminar thermocouple outputs
from quarter points through the thickness and finaily the cold face temperature.

An insulation failure criterion was applied to the furnace fire tests. The panels were
considered to have failed when the cold face temperature had reached 160°C (a cold face
temperature rise of 140°C above ambient) and the tests terminated before full penetration

of the panels occurred.

Experimental relative fire barrier performance data derived from hydrocarbon curve
furnace fire testing is shown in Figure 3. The standard development material has been
taken as isophthalic polyester / glass woven roving with a glass volume fraction of 55%.
The most successful materials in terms of thermal barrier performance are those with the
highest endothermic contribution. For panels with an aramid content the reinforcement
also decomposes endothermically this is illustrated by the advantageous thermal barrier
performance observed in Figure 3, especially when aramid is combined with glass
reinforcement for added structural integrity.
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Figure 3: Laminated panel response to kydrocarbon curve furnace fire tests ranked
as a Relative Fire Barrier Performance Index. The ranking is the time required for
the cold face to reach 160°C normalised with reference to standard polyester glass
woven roving laminates.

In the fumace fire tests the panel cold face is exposed to stationary air, which removes
very little heat. If heat is actually removed from one side of the laminate, i.e. there is
farced convection at the boundary, the time to failure can be even further prolonged [8].
This effect can usefully be employed with composite pipework containing a stationary, or
better still, flowing fluid, and is one of the reasons why GRE pipes have begun to be so
widely used for offshore fire-water systems.

MODELLING THE MATERIAL RESPONSE TO FIRE
Mathematical models of the fire behaviour of combustible materials have been developed
from the unsteady state heat equation (1) by including terms describing the ablative

processes which take place [9,10,11].
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Typical reinforcements such as E-glass are non-combustible and remain structurally
stable within the temperature regime of most non-erosive fire scenarios. The ablative
behaviour under fire conditions of glass fibre reinforced polymer composites involves
two main processes that significantly affect the heat transfer mechanism through the
material. The most important effect is the ‘cracking’ of the resin component of the
composite. This chemical reaction is an endothermic decomposition process that
cffectively removes heat energy from the fire in order to physically break down the
polymer. The second important process involves mass transfer of the gaseous reaction
products by diffusion away from the reaction front removing energy from the remaining
material. Although the endotherm and subsequent mass transfer inhibit the flow of heat
through the composite, the combustion and subsequent heat release from the gascous
reaction products after diffusion away from the laminate surface will then add to the
incident fire. When the composite material forms a small part of the fire inventory, as
would be the case in a well developed hydrocarbon fire, the heat release due to the
composite remains small compared to the overall incident thermal energy.

The energy flux involved in the decomposition of the combustible components of the
composite material can be expressed mathematically by the net heat of decomposition
multiplied by the rate of decomposition. The rate of a chemical reaction may be
conveniently expressed using an Arrhenius rate expression of the form shown in equation
2 assuming no expansion of the material. [12]

» [(p—pf)}” S o)

a 2,

Where:
p, t and T are the density, time and temperature variables respectively
A, F and n the rate constant, activation energy and order of the reaction
R is the gas constant

The energy transferred by convection due to the gaseous reaction products diffusing away
from the reaction front can be expressed as the product of the gas enthalpy and mass flux.
Assuming that all of the gaseous reaction products immediately diffuse away from the
reaction front, then by conservation of mass, the mass flux of gas must equal the rate of
material decomposition. Thus the mass flux and hence the effect of convection of the
reaction products can be calculated from a knowledge of the reaction rate as expressed i
equation 2 above. That is for a one-dimensional problem [10]:
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Introducing the endothermic decomposition and mass flow effect terms into equation (1)
and assuming that thermal equilibrium exists between the decomposing composite material
and the resultant gases leads to a one-dimensional non-linear partial differential equation
which models the thermal response of combustible composite systems.

g e ery . @ £
pCP*g,“r”:a—(kﬁx -]— Mg——hg—pde ¥ (Qp +he—hg) (4)

where:

7, ¢ and x are temperature, time and through-thickness coordinate,
respectively

p, Cp and / are the density, specific heat and conductivity of the composite

M is the mass flux of volatiles from the decomposition reaction

h.and hg are the respective enthalpies of the composite and evolved gas

O, is the endothermic decomposition energy

A, E and R are the rate constants for the decomposition reaction and the gas
constant.

The three terms on the right hand side of equation (4) relate to heat conduction, volatile
convection and endothermic resin decomposition, respectively. The rate constants for the
decomposition term are estimated from thermo-gravimetric measurements on laminate
samples.

MODEIL IMPLEMENTATION

The solution of equations (3) and (4) with suitable boundary conditions provides the basis
for a one dimensional thermal response model for the fire behaviour of composite
materials [10]. A numerical solution has been implemented, which with experimental
validation provides a convenient, economic means of predicting the fire behaviour of
laminated composite systems. An explicit finite difference scheme has been used, the
time derivative term in the governing equation is represented by forward differences whilst
the spatial variables are represented by central differences.

Boundary Conditions

The boundary conditions are the general conditions of convective and radiative exchange
at the free panel surfaces with the convective heat transfer coefficients tuned to the fire
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conditions of interest, The applied boundary conditions for the panel surfaces take the
general form:

T(0,1)  + .
—kf—éjwl:k([l’;w?;}]é%r{sf?’;—gsff] (5)

Where:

T, denotes the surrounding temperature
T, the surface temperature

;’{c the heat transfer coefficient for convection

g , and &, the emissivity of the surroundings and panel surface
respectively
o the Stephan-Boltzmann constant

The two terms on the right hand side of equation 5 represent the convective and radiative
contributions to the heat transfer at the material surface. The form of the convection term
depends strongly upon the geometry and orientation of the surface of interest. For the
purposes of modelling experimental furnace tests an empirical relation defined for
convective transfer to a vertically orjentated flat panel has been adopted [12]. The
radiative exchange at the material surfaces can be modelled for the specific test furnace to
a first approximation by applying suitable view factors and emissivity values for the
furnace and test specimen.

Material Properties

Description of the kinetic properties requires a knowledge of the decomposition reactions
taking place which then allows prediction of the rate of change of mass of the composite.
The transport properties of the composite will change as the decomposition reaction
progresses through the thickness of the laminate, but they are ill-defined for the material
in the process of decomposition. The derivation by the computer program of the materials
properties in the reactive region has been greatly simplified by assuming the region
instantaneously reacting is small and that the transport properties can be represented by
simple average values.

Kinetic Properties

Thermo-Gravimetric Analysis (TGA) has been carried out to investigate the kinetics of
the polyester decomposition reaction. There are several factors which introduce
uncertainty into the results of TGA investigations such as specimen particle size and
surface area, but for the purposes of modeiling the fire behaviour of polyester resin
composite laminates we have concentrated upon the general form of the reaction and the
trends observed. The TGA measurements under idealised, laboratory conditions provide
enough data to fit an Arrhenius rate equation (equation 2) to the material behaviour and
also provide a measure of the amount of carbonaceous char left behind when the resin is
spent.
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The kinetics of the decomposition reaction during a hydrocarbon fire test are illustrated in
Figure 4. The rate parameters, A and E, in equation (1) are obtained experimentally by
thermo-gravimetric analysis at a fixed heating rate (solid curve Figure. 4(a)). The dotted
lines in Figure 4(a) are the calculated resin decomposition curves through the laminate
thickness for the variable heating rates applied during a hydrocarbon curve fire test. The
differences between the experimental and calculated TGA curves are due to the variation
of heating rates during a hydrocarbon fire test. The calculated variation of the effective
heating rate during a hydrocarbon curve fire test is plotted in Figure 4(b) for through
thickness positions in an 11mm thick polyester / glass panel. The highest heating rate is at
the hot face as expected and the test is predicted to have reached a steady state after =16
minutes.
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Figure 4: (a) Comparison of experimental thermo-gravimetric data collected at
25°C/min in a nitrogen atmosphere (solid line) with the calculated mass loss at
points through the laminate thickness (dotted lines). (b) The calculated effective
heating rates for a polyester / glass laminate during a hydrocarbon curve fire test.
The highest rate is at the surface, decreasing at points through the thickness.

Transport Properties

As the decomposition reaction progresses the transport properties of the composite will
vary dynamically according to the local state of the resin as illustrated schematically in
figure 4. As the fire progresses region 1 will increase and region 3 will decrease in size as
region 2 moves through the thickness of the laminate. By assuming that the composite
components are intimately mixed and orientated in a plane perpendicular to the through-
thickness direction we can disregard further details of the composite architecture. The
transport properties are then a function of the constituent volume fractions only. The
temptation, in finite difference solutions to the heat transfer equation, is to disregard the
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temperature dependence of the materials properties. The thermal conductivity of polyester
resin has only weak temperature dependence over the temperature range of useful
application [13], so for heat transfer analysis an average constant value may be assumed. In
modelling the thermal response of a combustible system, the changes in properties through
the thickness of the material depend not only upon the different temperatures but also the
state of the resin decomposition reaction locally, therefore the finite difference solution
must include the change in the properties.
Through-thickness direction -~

Convection
of volatiles

Cold
Face

Hot
Face

Region 1. Region 2. Region 3.
Fully Partially Undamaged
Depleted Depleted Resin

Resin Resin

Figure 5: Schematic of the fire model

We can calculate the properties of the composite locally as the resin decomposes by
applying a suitable rule of mixtures. As the resin systems under consideration were
commercial grades, the transport properties of the undamaged composite materials under
test were derived from literature sources [12-15] and manufacturers specifications [16].
The residual properties after decomposition were estimated by considering the typical
properties of the dry glass fibre reinforcement.

Thermal Conductivity
The thermal conductivity of a laminated panel in the through-thickness direction is derived
from the conductivities of the fibre and matrix components using a rule of mixtures

approach. The temperature dependence of the thermal conductivity is modelled by a linear
Jeast squares fit to published experimental data [13].
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where: &, k, and k. are the thermal conductivity’s of the fibres, matrix and
composite respectively, ¥, and V, are the fibre volume fraction and the matrix volume
fraction of the composite.

To model the thermal conductivity of the composite as the resin is decomposed dynamically
into the three regions illustrated in figure 5, equation (6) is applied node by node. Region 1
where the resin is completely spent has a thermal conductivity approaching that of the
reinforcement. The definition of the transport propertics within region 1 can be complicated
by the amount of delamination present. For our purposes an average value has been
adopted, aiming to model typical polyester /glass behaviour. Within region 2 the resin
decomposition reaction is in progress so the thermal conductivity is less well defined, but
applying equation 6 with the changing fibre and matrix volume fractions gives an average
value of the thermal conductivity according to the extent of the reaction. The undamaged
material maintains the original composite value modified solely by the change m
temperature.

Specific Heat

The specific heat capacity of the composite material is determined using a weighted average
of the form:

- Cfijf + leoml/m (7)
pflff + pmVnz
Where:
¢y €, and ¢, ATC the heat capacities of the fibres, matrix and composite

Vo Vs prand p, are the respective volume fractions and densities of the fibres
and matrix

Again the value varies according to the progress of the decomposition reaction locally
within the laminate the value adopted being weighted by the effective mass of the
components at the specific point in the laminate. The temperature dependence of the resin
specific heat capacity is modelled using a second order polynomial fit to published data

[131

MODEL VALIDATION

The computer implementation of the thermal model has been validated by comparing the
calculated thermal response with the experimentally measured response during a

hydrocarbon curve fire test, for a range of panel thicknesses. The heat transfer condifions
at the panel hot face and cold face remain constant, for each fire test as the same furnace
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conditions are employed. The only variables required for input into the computer model
are the fibre volume fraction and the thickness of the panel. Figure 6 shows the
comparison for three individual panel thicknesses of 11 17 and 22 mm. The dotted lines
are the calculated temperatures and the solid lines the experimentally measured
temperatures, For each panel thickness the computer model predicts the cold face
temperature response very accurately.
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Figure 6: Experimental hydrocarbon curve furnace fire tests results (solid lines) for
isophthalic polyester / glass woven roving laminated panels and corresponding one-
dimensional modelled response (dotted lines). Intermediate curves are inter-laminar
temperatures.

The low thermal conductivity of the undamaged composite material combined with a
relatively high specific heat capacity slows down the heat transfer through the material.
As the resin component of the composite burns, it leaves behind a carbonaceous char
which loosely binds the glass reinforcement layers together. This resultant structure helps
shield the remaining composite material, also slowing down the rate of heat transfer. But,
the transport properties of the composite material alone do not explain the observed cold
face temperature response. The cold face temperature rise is lower than would be
expected from consideration of the materials properties alone. The reason that the
composite panels exhibit a slow burn-through effect is that the resin matrix decomposes
endothermically as the temperature is increased In the fire. The endothermic
decomposition process effectively subtracts heat energy from the composite material,
heat which otherwise would be conducted through to the cold face resulting in an
increased temperature throughout the laminate. The decomposition reaction also produces
gaseous products, which diffuse away from the reaction front again providing a
mechanism to remove energy from the decomposing material. The structure of the
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composite material, combining non-combustible reinforcement with a combustible matrix
enables the composite panel to retain enough structural integrity well for the resin
endotherm effect to take place.

The effect of including the resin decomposition and mass flow effects in the thermal
response calculation is illustrated in figure 7. The solid lines are the thermal response ofa
panel using only the transport properties. The dotted lines include the resin endotherm
effect and the mass flow effects. The dotted lines at each point through the laminate begin
to diverge away from the solid lines as that part of the structure begins to react. As the
time progresses, this effect lowers the temperature observed through the laminate
thickness. At the cold face the effect is seen to be producing a cooling effect after
approximately 10 minutes of the hydrocarbon curve fire test. Significantly increasing the
survival time of the laminate during the fire test.
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Figure 7: Calculated temperature response of a 20mm thick polyester glass panel to
a hydrocarbon fire with (dotted lines) and without (solid lines) the resin
decomposition term.

APPLICATION OF THE MODEL TO DIFFERENT THERMAL
CONDITIONS

The thermal model may be used to provide design information for the use of composite
materials in any fire sensitive application. The difficulty in applying the model to
different fire scenarios is in accurately defining the relevant heat transfer boundary
conditions.
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Design charts prepared using the validated computer model are shown in Figure. 8.
Figure. 8(a) allows polyester woven roving laminate thickness' to be defined by the
allowed cold face temperature rise in a hydrocarbon fire, while Figure. 8(b) shows the
cold face response of laminates to a predetermined constant heat flux. The constant heat
flux boundary condition is the first approximation to the boundary conditions relevant to
jet fires. Recent analysis of jet fire data [17] has indicated that the extremes of thermal
response of composite materials to jet fires can be successfully modelled by combining a
maximum heat flux boundary condition with a maximum crosion physical erosion rate.
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Figure §: Design charts for polyester glass WR Ilaminates prepared using the
thermal model. (a) Hydrocarbon curve fire response - thickness required for
specified temperature. (b) Cold face temperature response for specified incident
heat flux vs. Thickness.

The model can also be extended to two-dimensions to calculate the thermal response of
realistic structural combinations. The thermal response to severe fires of sections such as
carners or stiffeners in sandwich structures can then be reliably simulated and this data
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can be used to help predict the thermal / mechanical response of the structure. Figure 9
shows the temperature response of a composite rib structure after 4 minutes engulfed in a

hydrocarbon fire.
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Figure 9: Contour map showing the temperature at an internal and external corner
for a composite rib engulfed in a hydrocarbon curve fire test.

CONCLUSIONS

Organic matrix composites have considerable potential for use in large load-bearing
structures that may be subject to fire. When used in sufficiently thick sections these
materials are capable of withstanding severe temperatures and ablative effects by virtue
of the endothermic nature of the resin decomposition process and low thermal
conductivity combined with good structural integrity from non-combustible
reinforcement.

The thermal response of composite systems subjected to severe hydrocarbon fire
conditions can be accurately predicted using an experimentally validated thermal model
which provides basic data for performance based design.
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A DIVISION OF THE AMERICAN BUREAU OF SHIPPING

Certification Agency Perspective on
Composites in the Offshore Industry

Derek S. Novak, ABS Americas, New Orleans, Louisiana, USA

ABSTRACT

This paper describes ABS's involvement in both the Offshore Industry and with composite
materials used in the maritime community. ABS has published Rules for the Building and
Classing of MODU’s and Offshore Installations since the late 1960’s, and is
concurrently an industry leader in the development of requirements for the safe use of
composites in the marine industry. ABS maintains this position at the leading edge of
technology by participating in various research panels and constantly updating owr Rules
to reflect the increased use of composites in the offshore industry.

Introduction

The American Bureau of Shipping (ABS) was founded in 1862 and today provides
classification, inspection, certification and quality assurance (QA) services to the Marine
and Offshore communities. Functioning as an independent, non-governmental and not-
for-profit organization ABS provides an unbiased, objective service to its clients.

The mission of ABS is to serve the public interest as well as the needs of our clients by
promoting the security of life, property and the natural environment primarily through the
development and verification of standards for the design, construction and operational
maintenance of marine-related facilities. In order to carry out this mission, ABS
publishes over 50 rule books, guides and related publications covering ail types of
vessels, offshore structures, marine facilities and equipment. ABS Rules are accepted
worldwide as recognized international standards. In addition to the application of ABS
rules, ABS is also recognized by national administrations throughout the world to issue
certifications and carry out surveys on their behalf. ABS has close working relationships
with the U.S. Coast Guard, U.S. Minerals Management Service, U.K. Health and Safety
Executive, Norwegian Maritime and Petroleum Directorates, as well as many others.
ABS has over 150 offices in 84 countries worldwide to provide a whole range of services
to the Offshore industry.
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ABS in the Offshore Industry

ABS became involved in earnest in the Offshore industry in the early 1960's and
developed and issued the first "Rules for Building and Classing Offshore Mobile Drilling
Units" in 1968. Not long after this, the International Maritime Consultative Organization
(IMCO, later IMO) developed its Rules for MODU's. The 1968 ABS Rules were used by
IMCO as a basis for this development.

Since 1968 ABS has been the world leader in Classification and Certification of Mobile
Offshore Drilling Units and other Offshore structures such as fixed platforms, Floating
Production, Storage and Offloading Systems (FPSO's), Single Point Moorings (SPM's),
Undersea Pipelines, Tension Leg Platforms (TLP's) and most recently the first production
Spar, Oryx's Neptune Spar which is Classed by ABS. In addition to Classing new
construction projects, in recent years ABS has been involved with numerous conversions
of existing floating and bottom founded MODU's and Tankers into Production Units.

ABS Rules and Guides for the use of Composites

ABS's position as the world leader in providing Classification and Certification services
to the Offshore Industry makes ABS uniquely qualified to discuss regulatory ‘aspects
relative to the use of composite materials in the offshore marketplace. ABS published its
first rules for Classing Fiber Reinforced Vessels in 1978. This rule book was primarily
written for commercial vessels that are constructed with the basic composite materials of
chopped strand mat and woven roving fabrics.

Since that first Rule book featuring basic composites, ABS strives to keep up with the
new technologies being developed. In 1986 we published the Guide for Building and
Classing Offshore Racing Yachts, this guide contained basic scantling requirements for
sandwich laminates and the newer off-axis materials. With the success of this guide ABS
developed the Guide for Building and Classing High Speed Craft and Motor Pleasure
Vachts in 1990. These Guides included requirements for building vessels with steel,
aluminum, and composites, and allowed for materials other than e-glass. At this time,
ABS started to recognize the importance of the building process in fiber reinforced
plastic (FRP) construction.

Recently ABS published the 1997 Guide for Building and Classing High Speed Craft.
This guide and the upcoming revised Motor Pleasure Yacht Guide allow for state of the
art materials (Kevlar and carbon fibers) and state of the art construction processes (resin
infusion, pre-pregs, €tc.).

Currently ABS requirements for offshore structures (both MODU’s and Offshore
Installations) only allow for a small amount of composites to be used on the structure.
ABS always keeps an open mind to new technologies, and as more composites suitable
for use in offshore platforms become available, the rules will be revised to reflect current



practices. As the technology continues to develop, ABS will allow the use of composites
on offshore structures provided they can meet the loading requirements, national
regulations (i.e. MMS and USCG) and international conventions (1989 IMO MODU
Code) as applicable.

CURRENT REQUIREMENTS
Mobile Offshore Drilling Units

As explained in the introduction, ABS has been classing MODU’s since 1968, and the
current requirements are stated in the 1997 Rules for Building and Classing Mobile
Offshore Drilling Units. This Rule book is divided into four parts consisting of survey,
materials, hull construction and equipment, and machinery requirements. The part on
hull construction and equipment has specific requirements for self-elevating drilling
units, column-stabilized driiling units, and surface-type drilling units. There are also
sections for common structures, stability, welding and structural fire protection (see
below). The machinery section contains rules for electrical, fire protection, mechanical
systems, and piping (including plastic piping, see below).

These Rules only have requirements for structures built from steel, however this does not
limit the use only to steel. ABS has always allowed for non-conventional material to be
used. The Rules have an independent section defining the environmental loads, and it
would not be difficult to apply these loads as well as other requirements to a material
other than steel.

Offshore Installations

The current ABS Rules, the /997 Rules for Building and Classing Offshore Installations,
supersedes the 1983 rules by the same name. This Rule book is divided into four parts:
1) Classification, Testing and Surveys, 2) Materials and Welding, 3) Design, and 4)
Extension of Use and Reuse. The design requirements in these Rules have been posed in
terms of existing methodologies and their attendant safety factors, load factors or
permissible stresses which are deemed to provide an adequate level of safety. Primarily,
the use of such methods and limits in these Rules reflect what is considered to be the
current state of practice in offshore installation design. At the same time, it is
acknowledged that new methods of design and construction are constantly evolving along
with new structural types, materials, or new uses for established structural types and
components. In recognition of these facts, the Rules specifically allow for such
innovations. The application of these Rules by the Bureau will not seek to inhibit the use
of any technological approach which can be shown to produce an acceptable level of
safety.



Plastic Piping

Jnti} recently, ABS Rules for non-metallic piping limited its use only to non-critical
systems and in areas with minimal fire risk. There has been considerable work in the
marine industry over the last ten years of 50 t0 develop standards that would permit wider
usage of non-metallic piping materials. Two independent organizations, the International
Maritime Organization (IMO) and the International Association of Classification
Societies (IACS) have done considerable work on developing standards for non-metallic
piping. Although independent organizations, IMO and TACS shared therr development
work and the resulting documents from both bodies are essentially the same with only
minor differences. The IMO document is entitled *Guidelines for the Application of
Plastic Pipes on Ships", it is Resolution number A.756(18) and it was adopted by IACS
on 4 November 1995. The IACS document is entitled "Production and Application of
Plastic Pipe on Ships": it is IACS unified requirement P4 and is dated 1996.

ABS as a member of IACS participated in the development of these standards and in
1997 incorporated them into the ABS Steel Vessel Rules and MODU Rules. These Rules
address design, installation, manufacturing, bonding procedures and testing. The new
Rules permit a much wider range of application of non-metallic pipe than what was
permitted under the previous Rules. At the heart of the New Rules is a Fire Endurance
Matrix which specifies the level of fire endurance required for different systems at
different locations. A non-critical system installed in an area of minimal fire risk would
require little or no fire endurance properties whereas a critical system in an area with a
higher fire risk would require 2 higher level of fire endurance. There are six possible
entries in the fire endurance matrix as follows:

L2 Fire Endurance Test in Dry Conditions - 30 minutes
L3 Fire Endurance Test in Wet Conditions - 30 minutes
0 | No Fire Endurance Required

NA Not Applicable

X Metallic Materials Required

A copy of the entire fire endurance matrix is included as an attachment to this paper.

Note that these Rules are intended for application on Ships and MODU's, but wider
application to other types of Offshore Structures is anticipated. As a point of interest, and
as an example of the wider applications for non-metallic pipe we are beginning to see, on
a number of recent offshore projects, the U. S. Coast Guard has accepted the use of
fiberglass reinforced piping in the firemain. ABS has also accepted this application based
on the U. S. Coast Guard approval.




The offshore marketplace is constantly changing and the need for corrosion resistant
lightweight materials is increasing. ABS looks forward to working with the composite
industry and the offshore industry to ensure that we continue to service the needs of our
clients without impairing the safety of marine and offshore installations.

Structural Fire Protection

Currently one of the major obstacles for the use of composite materials on ships is the
structural fire protection requirements stated by the IMO (International Maritime
Organization) in the 1974 SOLAS (Safety of Life at Sea) Convention. Similar structural
fire protection requirements are also in place for offshore structures as stated in the IMO
MODU code and in our 1997 Rules for Building and Classing MODU’s. These
requirements are primarily for protection of high fire risk spaces, such as machinery
spaces and hazardous areas, or for protection of accommodation spaces and escape routes
such as stairways and corridors,. [There are no structural fire protection requirements for
the primary structures (below the waterline?), risers, and tethers. ]

The IMO currently states that the areas of high fire risk or areas requiring protection (see
items stated above) are to be constructed of a material that is “steel and equivalent”.
With the current surge of composite technologies and the ever recent demands to use
composites on ships the IMO has published the “Interim Guidelines on the Test
Procedure for Demonstrating the Equivalence of Composite Materials to Steel under the
Provisions of the 1974 SOLAS Convention”. This document establishes criteria for the
acceptance of composite materials for use onboard ships. The difficult part of these
requirements is that the composite material must be classified as a non-combustible
material, and currently there are no composite materials or composite plus insulation that
can meet this standard. Since the requirements set forth by this document are very
difficult, there is a large amount of research being done to have a composite panel pass
this criteria.

Another document that is published by the IMO is the 1994 IMO High Speed Code.
This document is part of SOLAS and is written for high speed vessels that operate with in
relative proximity to a port of refuge. The High Speed Craft Code is more liberal with
the use of composites, and allows for the use of combustible structural materials
providing that they meet the requirements as a fire restricting material. These
requirements are also outlined by the IMO in the “Adoption of the International Code for
Application of Fire Test Procedures” and are also very difficult to meet, however there
are options available to meet this criteria, especially by using the some of the various
types of insulation that are available.



FUTURE TRENDS

ABS has seen composites used in piping systems, gratings, and cable trays on ABS
classed MODU’s and Offshore Installations. With current developments being made in
composite risers, tethers, and structures, ABS will continue to keep our requirements
current. We are currently working with industry on several programs designed to further
develop the use of composite materials in the marine industry.

Maritech BAA94-44 Composite Superstructures

This Maritech program is tasked to develop a cost effective method for building
composite superstructures for ships. The members of this group have developed a
construction technique by using prefabricated panels (both sandwich and single skin),
pultraded composite sections, and preformed composite stiffeners. The superstructures
are constructed using a “lego block” technique by using the pultruded sections to join
panels, and adhesives 10 bond stiffeners to the panels. Currently the project team is
planning on building a sample structure using the tools that have been developed. The
designs for this structure are in the final stage, and it is the idea of the team to showcase
any other composite innovations in the final structure. For example, it is planned to show
composite piping that was originally developed for the offshore industry, and fire
protective insulation that was developed by the aerospace industry.

In concept, this method for quickly and cost effectively building a strong and light
superstructure for a ship can easily be transferred to the offshore industry for platform
structures and accommodation spaces.

SNAME HS-9 Committee

ABS is currently serving as chairman of the SNAME HS-9 committee on composite
materials. There are currently two major areas of study under this panel: 1) The fire
characteristics of composites, and 2) Panel testing of composites.

The fire study is currently working on similar tasks as the Maritech project, however it
has mainly been focused on study of the experimental effects of fire on composites.
Currently under the IMO High Speed Craft Code the panel must be tested by the “Room
Corner” burn test. This test involves building an 8’ x 8" room with the material and then
placing a fire load in the corner of the room. The flux of the fire is then altered during the
course of the test, and the amount of smoke and flame spread is measured during the
course of the test. This type of test is very expensive, and the main research of this study
is to determine if there are any correlation between smaller scale fire tests and the results
of the larger scale room comer test. This will allow for a more cost effective method for
determining if a fire protection scheme is worth having tested by the Room Corner Test.
No major results from this research has been published.




The panel test program is trying to develop an ASTM test procedure for panels. The test
fixture uses a water bladder to apply a load onto a panel with fixed ends. The pressure
versus deflection curves are then used to determine the ability of a panel to absorb the
load. This particular test program has shown the benefits of linear foam cores and off-
axis laminates that currently do not test favorably with simple beam testing.

Conclusions

ABS’s involvement has been in extensive in both the offshore industry and with the
development of composite materials. With the recent technological advancement of
composite materials in the offshore industry ABS feels the need to take a proactive role in
the developments by serving on various industry and academic groups. ABS is committed
to continuing as an industry leader in the offshore and composite industries, and as these
industries continue to merge together ABS will take an active role in providing safe
requirements for their use.
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Astachment A

Table 4/2.2 FIRE ENDURANCE REQUIREMENTS MATREX

LOCATION
PIPING SYSTEMS A | B|]C]DIE[F]GI|H
FLAMMABLE LIQUIDS
T 1 Oil (flash point < 60C (140F); NA | NA G NA o 0 NA | LI?
5 T Fuel ol {fash point > 60C (140F)) X X NA 0 0 ¢ [ L1
3 | Lubricating oil X X MA | NA | NA ] Li [
4| Hydraulic oil X X B g 0 ) T1 1 L
SEA WATER {(Sec Note 1)
5 | Bilgs main and branches Lt L1 NA G 0 0 NA L1
6 | Fire main and water spray Ll 11 NA | NA il 0 X L1
7 | Foam system L1 Li NA | NA | NA 0 L1 L1
8 1 Sprinkler system Li L1 NA | NA 0 0 L3 i3
9 | Ballast L3 L3 0 0 0 ; L2 L2
10 | Cooling water, essential services L3 13 NA | NA 0 0 NA 12
11 1 Non-essential systems 0 G NA 0 0 0 ] 0
FRESH WATER
12 | Cooling water, essential services L3 L3 NA 0 0 ¢ L3 L3
13 | Condensate refurn 13 L3 NA | NA | NA ] ] 0
14 | Non-essential systems 0 0 NA 0 o 0 i f]
SANITARY/DRAINS/SCUPPERS
151 Deck drains (internal) L | B | NA 0 0 0 0 0
16 | Sanitary drains (internal) i 0 NA ] ¢ 0 0 0
17 | Scuppers and discharges NER 0 0 0 ¢ o 0
{overboard})
VENTS/SOUNDING
18 | Water tanks/dry spaces 0 ] [} i 0 0 0 0
15 17Ol tanks (fashpoint > 60C (140F)) X X X G 0 0 X X
20 | Oil tanks {ftashpoint < 60C (140F)) NA | NA 3 NA 0 0 NA X
MISCELLANEOUS
21 | Control air L1* Li* | NA 4 ] i Ly* L1
53 | Service air (non-essential) 0 8 NA ] 0 h) ) i
23 § Brine 0 4 NA NA NA 0 v} g
74 | Auxiliary low pressure steam 12 L2 0 G 0 0 0° [
(Pressure < 7 bar (7 kgffem’, 100 psi))
Locations Abbreviations
A Category A machinery spaces L1 Fire endurance test in dry conditions, 60 minutes, i
B Other machinery spaces accordance with 4/2.17.7
C Oil tanks {flashpoint < 60C (140F) L2 Fire endurance test in dry conditions, 30 minutes,
D Fuel oil tanks (flashpoint > 66C (140F)) accordance with 4/2.17.7
E Ballast water tanks L3 Fire endurance test in wet conditions, 30 minutes, i
F Cofferdams, void spaces, pipe tunnels and accordance with 4/2,17.8
ducts 0 Nao fire endurance test required
G Accommodation, service and control spaces  NA Not applicable
H Open decks X Metallic materials having a melting point greater than 923C
{1700F).
Notes

1 Where non-metailic piping is used, remaotely controlied valves are 1o be provided at the unit’s side. These valves

are to be controlied from outside the space.

Remote closing valves are to be provided at the tanks.

For drains serving only the space concerned, “0” may replace “L1",

When controiling functions are not required by statutory requiremnents, “(¥" may replace “L1".

La g L b

Scuppers serving open decks in positions 1 and 2, as defined in Regulation 13 of the International Convention on

{.oad Lines, 1966, are to be “X throughout uniess fitted at the upper ¢nd with the means of closing capable of

being operated from a position above the freeboard deck in order to prevent downflooding.
6  For essential services, such as fuel oil tank heating and whistle, “X™ is to replace “07,
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ABSTRACT

This paper presents an overview of the effort to incorporate fiber ropes in deep water
moorings with emphasis in Petrobras’ in house developments. It also discusses the
experience with the first floating production units to make use of these moorings and the
future insiallations scheduled for 1997, 1998 and 1999.

INTRODUCTION

Drilling and production in water depths exceeding 500 m are a reality in areas such as the
Gulf of Mexico, the West of Shetlands and Campos Basin. Today, drilling in these areas
is performed by vessels using dynamic positioning systems (DP). It is consensus that
floating production is the short/medium term solution for deep water field development.

As an alternative to DP vessels, spread moored semi-submersibles are already being used
in water depths down to around 1000 m with pre-deployed lines composed of steel wire
rope in the catenary and chain in the ground segment. Floating production systems (FPS)
are also being operated for more than five vears, offshore Campos Basin, with combined
wire rope and chain moorings in similar water depths.

As water depth increases, conventional all-steel spread mooring systems show a number
of disadvantages: lower restoring efficiency, a high proportion of tether strength is
consumed by the vertical components of line tension, reduced pay-load of the vessel,
large mooring radius and sea-floor footprint.

Fiber ropes offer interesting alternatives for these problems. However, imcorporating fiber
ropes poses a challenge to designers since the non-linear time dependent behavior of
these components reflects in the behavior of the moored units in an interactive way [1].

"Pefrobras R&D
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Typical offset limits of floating production units are 10% of the water depth, for the intact
system, and 20 % with one line broken. To stick to these limits, there is no need to use
high modulus fiber ropes. Actually, taut leg and catenary mooring systems based on high
efficiency polyester (PET) fiber rope are very attractive means of mooring deep water
rigs [1]. Reduced offset, wave frequency tensions, and vertical component of mooring
line tensions are obtained. Taut leg systems greatly reduce sea floor footprint as an
additional advantage.

The choice of PET fiber ropes for these applications is based in the following
characteristics:

e intermediate modulus;

low creep;

good creep ripture resistance;

good fatigue performance;

low sensitivity to alternate tension compression;

low hysteresis;

very low rate of hydrolysis; and,

moderate cost.

% & & © © b

Applications where high wave frequency strains dominate, suggest the choice of a lower
modulus fiber, for example nylon. On the other hand, systems that require very low
offsets should benefit from a higher modulus fiber.

Over the past few years several research activities were directed to develop the
knowledge and experience to use fiber ropes in deep water moorings. In 1989 a study led
by Reading University and Global Maritime, in the UK, identified the most mteresting
materials for spread and vertical mooring systems [2]. This study already indicated the
advantages of using PET fiber ropes in spread moorings. A more complete appraisal of
fiber ropes for deep water moorings was presented by Del Vecchio in 1992 [3] and briefly
reported in the OTC-92 by Chaplin and Del Vecchio {1].

A number of joint industry projects were conducted and are under way in the UK and in
Norway to further advance the use of fiber ropes. Possibly the strongest cooperative effort
to built standards for the use of fiber ropes is the JIP “Engineers Design Guide for Deep
Water Fiber Moorings” [4].

Along with these JIPs, individual companies with a strong interest in decpwater also
developed their own effort. Shell for example, deployed a PET rope as part of an
auxiliary mooring for supply boats in 1000 m of water [5]. This system operated
successfully for over two years. Other companies as Saga and Statoil are also conducting
field trials of fiber moorings.

Subsequent sections of this paper discuss Petrobras’ effort to implement the nse of fiber
ropes in deep water moorings.
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R&D PROJECTS

Use of Polyester Ropes in MODU Moorings

The objectives of this project were:

e to qualify two constructions of high efficiency PET ropes for mobile offshore drilling
units (MODU);

e develop and test installation and recovery procedures for these ropes; and,

e evaluate the durability of these ropes by means of a long term field test.

This project is now finished. Based on a Minimum Breaking Load (MBL) of 3925 kN
(400 metric tones), the construction and manufacturers selected were:

o aparallel strand construction, Marlow Ropes’ “Superline”; and,

e awire rope construction (seven strand) from Phillystran United Ropes.

Both ropes had PET overbraid, for improved handling.

The most important outcomes of this project were:

e 2 technical specification for high performance polyester fiber ropes to be used in deep
water moorings:

¢ procedures for handling high performance polyester fiber ropes: and,

o the two ropes selected have survived a two years installation on Early Production
Systems.

The technical specification, which has become the basis of the specification for FPS, does

not directly selects rope construction or diameter. However, in order to guarantec a high

tensile efficiency, good fatigue endurance and adequate stiffness, the specification

requires:

e a2 MBL of 3925 kN, corroborated by the testing of three samples to destruction;

¢ apolyester yarn with a minimum tenacity of 0.78 N/tex;

s a rope core, i.e. the actual load carrying element, with a minimum tenacity of
(.44 N/tex;

o adynamic stiffness between 8 and 15 N/tex;

¢ apolyester braided cover with a minimum thickness of 7 mm.

It was concluded that;

e high efficiency polyester fiber ropes provide attractive solutions for MODUs in water
depth higher than 500 m;

e hysteretic heating is not an important issue for these ropes in this application, for
ertvironments where cycling between 10 and 30% of MBL can be considered a
relevant representation of an exireme condition;

e the installation of these ropes requires special handling care such that: the rope is
properly coiled on the winch drum, the rope docs not bear, under high tension against
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sharp corners and does not touch the sea floor or stays in the touch down point for a
Jong period of time; and,

e the use of these ropes in combination with Vertical Loads Anchors (VL.As) seems to
be the ideal mooring system for deep water MODUs.

PROCAP 2000

PROCAP 2000 is PETROBRAS’ strategic program to develop technology to produce
deep water fields. To cope with the future requirements for deep water moorings,
PETROBRAS has started a sub-program, within the framework of PROCAP 2000, to
develop mooring systems for depths down to 3000 m. The sub-program consists of 5
projects which address:

1. catenary spread moorings without buoys;

taut leg systems;

taut systems incorporating submersible buoys;

differential compliance systems (Figure 1); and,

an expert system to give field support to installations of moorings.
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Figure 1 - Sketch of Differential Compliance Mooring System

Except for the taut system with submersible buoys (#3), all projects have already started.
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For each alternative mooring system (#1 to #4) the study will address: material propertics,
design procedures, installation (including workboat) and maintenance.

As far as material properties are concerned these projects will:

.

further evaluate polyester fiber ropes load-extension characteristics relevant to
changes in draft of taut leg moored ships;

evaluate the effect of minimum tension on the fatigue endurance of polyester fiber
ropes;

evaluate load-extension characteristics of high efficiency nylon ropes;

participate in the development of improved termination systems {in house and with
rope makers); and,

evaluate the corrosion resistance of steel wire rope in deep water.

Figure 2 shows an example of force-time graph obtained in the laboratory for a 400
metric tones breaking load rope undergoing an increase in elongation corresponding to a
change in draft foreseen in a prospective application of a floating production storage
offloading unit (FPSO).
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Figure 2 - Laboratory Simulation of Change in Draft in a FPSO

Design procedures and analyses will:

]

develop methodologies and provide guidance relevant to each mooring systems by
means of: joint industry projects, contracted and in house development;

generate and analyze results from model scale tests;

perform parametric analyses of semi-submersibles and ships from 30,000 to 280000
DWT in water depths to 3000 m, for each applicable mooring system; and,

to develop methodologies to analyze fixed point systems.

Installation will be addressed by means of!

&

analysis and sea trail of installation an pre-installation procedures for all the systems;
development of tools and improved ropes; and,

o specification of mooring lines installation vessels.
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As an example of development related to installation, laboratory and field tests are
addressing the damage caused by laying polyester ropes on the sea floor. Presently short
samples of 400 metric tones breaking load ropes are being subject to tests in an
hyperbaric chamber. Initially the samples are taken to pressures of 100 bar, then for
various periods of time the rope is put in contact with soil from Campos Basin. When
pressure is removed, the amount and extension of ingress of soil particles in the cross
section is evaluated optically. The same rope has been deployed and dragged on the sea
floor in water depth of 800 m. Testing of this samples include tensioning to 80% of MBL,
optical examination and fatigue testing.

As far as Inspection and Maintenance are concemned, the projects will:

e investigate and develop inspection tools for fiber and steel ropes;

e establish criteria for sampling and removal of individual components of mooring
lines; and,

e develop procedures for line replacement.

For example, inspection, sampling and discard criteria have already been agreed for the
mooring lines of P-19.

INSTALLATIONS UNDER WAY INCORPORATING POLYESTER
ROPES

FPSO-I1

Installed in 1400 m of water, the mooring system of FPSO-II is a six line catenary system
using polyester fiber rope. This system incorporates the high efficiency of the polyester
ropes and the compliance in hook up and changes in draft of the catenary system. Each
leg is composed of: 1100 m of chain, 600m of 6-strand steel wire rope, 1350 m of PET
rope and 120 m of chain in the top segment.

The PET rope in each line is composed of two segments, the lower one being smaller
than the water depth, making it safer to pre-deploy. Final hook up 1s in the connection
between the two polyester segments. This ship is a pre-pilot for Marlim South field.

The only problem connected to the performance of the PET ropes, observed during the
installation of FPSO-II, was in maintaining the right position of the splice in relation to
the thimble, in slack conditions that happened during hook up. This has caused the splice
to jump from the thimble and bear against the arms of the joining shackle.

P-34

Installed in 835 m of water, the mooring system of p-34 is a six line catenary system
using polyester fiber rope. This system was originally designed with all components in
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steel. each leg was designed with 1000 m of chain, 900m of steel spiral strand and 55 m
of chain in the top segment.

During deployment a series of torsional problems caused severe damage in the steel
spiral. The decision was to redesign the system replacing the full length of spiral strand
by 970m of 6970 kN MBL PET fiber rope.

At the time this paper was written four of the six lines had been hooked up successfully.
P13

P-13 1s an 8 line rig already operating as an Early Production System, in 620 m water
depth, in Campos Basin. The present moeoring system consists of upper segments of six-
strand steel wire rope and grounding chain leading to drag embedment anchors. The new
system will be taut leg with polyester rope and vertical load anchor. Only a short length
(150 m) of the wire rope will remain,

The fiber rope is a parallel strand consisting of seven 12-strand braided cores enclosed in
a braided cover. The termination is with eye splices, protected by a circular thimble.
Minimum breaking load is 4840 kN (493 metric tones). The rope has been manufactured
by Cordoaria Sio Leopoldo and delivered. Bureau Veritas, the Classification Society of
P-13, witnessed the manufacturing and testing of the ropes.

Having decided to use VI.As, the development and purchase of these anchors went on
much slower than expected. Two test campaigns, offshore Campos Basin, were
performed on Bruce’s Denla and one on Vryhof's” Stevmanta anchors.

The prototype Denla had a weight of 1200 kgf. In the first test, it was difficult to embed
the anchor. Only one out of five runs was successful. However the anchor showed an
uplift capacity in excess of 120 metric tones. A number of modifications were discussed
with the manufacturer. In the second test campaign, there were no problems embedding
the anchor. In addition to that the anchor was perfected so that: it could be deployed using
a single anchor handling boat and also embedded in one direction and used in a different
direction.

The prototype Stevmanta, weighting 1800 kgf, was easier to embed and performed well
in the first test. However, it seems that this prototype required high tension to embed,
compared to the vertical capacity.

The anchors for P-13 are required to withstand a transient dynamic load of 3000 kN and
both Vryhof and Bruce were considered ready to supply. However, since no VLA of this
size was tested, the winner of the bid for P-13 was required to supply a full size prototype
for final approval, before manufacturing all the anchors. Tests on this prototype have
been performed and the anchors are being manufactured incorporating further
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mmprovements based on this later test. Once the anchors are delivered to Petrobras, the
installation of the taut leg system of P-13 will be scheduled.

P-19 aud P-26

For the Marlim Field, two Floating Production Systems based on semi-submersibies, P-
19 and P-26, are in the end of their conversion. Table | shows the main characteristics of
the mooring systems of these rigs.

Table 1 - Characteristics of P-19 and P-26

Rig P-19 P-26
water depth 770 m 1000 m
overali length 102.1m 92m
beam 70.1m 64.2 m
draft 22.0m 19m
displacement 35900 metric tones 38500 metric tones
design code APIRP-2SK API RP-285K / DNV POOSMOOR
classification society Bureau Veritas DNV
number of lines 16 16
upper component 76 mm RQ4 chain 76 mm RQ4 chain
intermediate component | 6970 kN PET fiber rope 6970 kN PET fiber rope
lower component 95 mm RQ3 chain 95 mm RQ3 chain
fixed point suction anchor suction anchor
hook up schedule Sept./97 Aug./97

At the time this paper was written the mooring lines were being pre-deployed. This
operation includes suctioning of the anchors, with the lower chain segment and the PET
rope connected. The piles are grouped in four clusters. Lines are installed in pairs, one on
each cluster, and provisionally hooked up to a two buoy hanger arrangement. The whole
operation is proceeding slower than expected, since delays in its start drove the operations
mto the windiest season in Campos Basin.

IMODCO 3 MONOBUQY

This is another catenary system using polyester ropes. It is scheduled to be installed in
830 m water depth in Marlim field later this year. Each leg is composed of: 900 m of
chain, 900 m of 6-strand steel wire rope, 900 m of PET rope and 55 m of chain in the top
segment.

The PET rope in each line is composed of two segments, again the lower one being
smaller than the water depth. This terminal will off-load the production of P-26.
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P27

This semi-submersible will be installed in 520 m water depth in an extension of Marlim
Field. It will have a taut leg system. Although it is 2 new production system its fixed
point system shall be 2 VLA, Each leg is composed of: 90 m of steel wire rope, 700 m of
PET rope and 350 m of chain in the top segment. The system 1is scheduled to be installed
in the first quarter of 1998,

INSTALLATIONS UNDER EVALUATION

New systems with fiber rope are being evaluated both for MODUs and for production
units. Availability and cost of DP rigs and safety of operation in areas with many
production units are the main drives to use moored drilling/workover rigs in deep water.
Table 2 shows the future needs of MODUs for Campos Basin.

Table 2 - MODUs Planned for Campos Basin

Water Depth (m) Field Mooring System Number of Systems
750 Bijupiri Salema taut lep 2
1200 Marlim South all steel catenary 1
1200 Marlim South taut leg 1
1200 Espadarte/Bijupira taut leg 2
1900 Roncador taut leg 1

A number of installations of production units are scheduled for 1998 and 1999. Table 3
shows the units incorporating PET ropes being evaluated.

Table 3 - Production Units under Evaluation

Unit Field Mooring Water Depth Neo. of Lines Fixed Point

P-36 Roncador taut leg 1400 16 suction anchors

P-40 Marlim South taut leg 1100 20 suction anchors

P45 Bijupira Salema DICAS 670 16 HHP anchors
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Abstract

The use of Fiberglass Reinforced Plastic (FRP) composites on
offshore platforms is rapidly growing, particularly for low
pressure piping and secondary structure such as grating,
Onshore, FRP pipe systems have been used for over thirty-five
vears with overall good experiences. In recent years most
escarch and development activity in composites in the oilfield
tias been directed toward offshore applications. Some of this
technology also has the potential to improve the profitability
and safety of onshore operations.  With this in mind, the
Composites Engineering and Applications Center recently
conducted a study to review the status of FRP technology and
consider how corrosion-resistant composite products could
better be atilized in onshore petroleum production operations.
Applications considered included line pipe, tubing, casing,
tanks and vessels, and sucker rods. New products such as
spoolable pipe and other emerging technologies were also
reviewed for possible onshore applications. Two applications
which appear to offer opportunity to use FRP pipe include
replacing aging infrastructure in mature waterflood fields and
the use of FRP pipe for carbon dioxide injection in enhanced
recovery projects. Several advancements made in recent years
arc discussed in the paper including advanced resin
formulations which provide improved damage tolerance and
chemical and fire resistance. Good experiences recorded in
the study encourages economic incentive for oil companies to
increase their utilization of FRP products in cnshore oil and
gas production operations. Life cycle cost savings of up to 70
percent, for example, have been recorded for some
applications using FRP pipe

Introduction
Composite structures are resistant to corrosion and their high
pecific strength and stiffness permit them to be designed to

carry load with significantly less weight than similarly
designed metal components. When corrosion is a serious
issue for metals, composites can often provide reliable long
term service at reduced cost. Fiberglass reinforced plastic
(FRP) piping systems have been used in onshore operation for
over thirty-five years. The largest growth period for FRP
products in the United States was during the late 1960°s
through the early 1980°s when U.S. oil companies began large
salt water Injection projects and corrosion resistant FRP pipe
in 3 in. and 4 in. sizes were used for injection lines. FRP
preducts were later qualified for use in large carbon dioxide
projects which further expanded the application of FRP pipe.
FRP pipe has also been used for flow lines and downhole as
casing and tubing. A brief bibliography of the history of
onshore applications of FRP products is contained in
references 1-135,

The study validated that there are thousands of miles of FRP
pipe and other composite products serving successfully
throughout the world, United States domestic use of FRP line
pipe and tubing is estinated at about $60 million per vear
compared to a total market of $200 million worldwide. The
emphasis of many of the major oil companies has shifted away
from domestic onshore developments toward despwater and
imernational projects. However, recent advancements and
affordability of 3D seismic and horizontal drilling technology
are providing new opportunities for profitable onshore oil and
gas development in the United States which could create a
demand for more FRP products. Additionally, there is
continued expansion of carbon dioxide injection in tertiary
recovery projects, particularly in the West Texas area, which
could increase the use of FRP products. These two activities
along with the replacement of aging infrastructure in mature
waterflood fields are seen as the major drivers for growth in
the use of FRP pipe enshore in the United States. Recent low
oil prices, however, have delayed many development projects.

Good experiences with FRP products provide strong economic
incentive for oil companigs fo increase their utifization in
onshore oil and gas production operations. The material cost
of FRP pipe and other products are usually more expensive
than carbon steel but are less expensive than corrosion
resistant alloys. The cost differential narrows when installed
costs are compared and usually shifts in favor of FRP when
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life cycle costs are considered.  Life cycle cost savings of up
to 70 percent, for example, have been recorded for FRP pipe.

- It is the purpose of this paper to provide an update on current

- composite technology and to highlight the capabilities and life
cycle economic benefits of using FRP products in onshore
petroleum production operations,

Current FRP Application Experience

One of the approaches to obtain information for this report
was 10 Interview oil companies, FRP product manuofacturers,
and engineering & construction firms to review their
experiences and determine their current needs. In addition a
questionnaire was circulated to  obtain  more detailed
mforniation.  Additional information was gathered from the
iiterature.  Presented below is a summary of current
applications and field experiences with FRP products.

FRP Line Pipe. The survey indicated the highest utilization
of FRP pipe is small diameter low pressure pipe used in water
fiood service. High-pressure applications are mostly water
transfer lines or injection lines less than 6 inches in diameter.
A review of some of the experiences recorded in the literature
is summarized below.

Brouwer™® conducted a thorough review of non-metallic
piping materials in oilfield use by the Royal Dutch Shell.
Shell has over 1395 miles (2250 km or 7.4 million ft} of FRP
piping materials in service in over 524 projects around the
world. Most applications are 2, 4 and 6 inch diameters with
- iesign pressures from 10 to 25 bar, however, there has been a
shift in recent years to use larger sizes in the § inch to 16 inch
diameter range. Recently, Shell installed 28 miles {45 km) of
12 to 20 inch diameter pipe involving 3750 adhesive bonded
joints with zero leaks following the installation.

Figure 1 taken from reference 16 shows the available
operating range for carbon steel, carbon steel with
thermoplastic liners, and FRP in use by Royal Dutch Shell.
Also shown is the expected operating range for SSL-FRP
(steel strip laminate FRP) described later in this report. The
operating envelope of carbon steel with lners s
approximately equivalent to the envelope of carbon steel. In
1993, experience with liners was limited to 20 inches or less
and HDPE was commonly used for the liner material. HDPE
has a limiting operating temperature of 104°F (40°C) or 149°F
{65°C) depending on the servige (hydrocarbon vs. salt water),
The introduction of PA and PVDF liners raises the allowable
temperature {o approximately 176/194°F (30/50° C) or 266°F
{130°C), respectively,

R. Franco'’ summarized Exxon's experience with piping for
produced water applications. The table below lists common
engineering materials used for produced water applications
and their estimated service life,
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MATERIAL  VEARSIN ESTIMATED

SERVICE LIFE*
FRP Pipe 15(successful) 20
HDPE Lining I3(successful} 25
Cement Lining  20(leaking joints) 20 with repairs
Shop Applied Coatings
Downhole Type Many (with leaks) 5-7
Flexible Type 3 (successful) 10-12
Bare Steel Many (with leaks) <3

* Time onset of significant maintenance costs when
replacement is needed.

Reasons Given For FPR Pipe Failures. Most failures of
FRP pipe are due to mechanical damage or improper
installation practices. Franco'’ categorizes the main causes of
failures of FRP pipe ag the following:

Rough handling.

Impreper make-up procedure.

Inadequate support of above ground piping,
Inadequate installation.

Steel pin in FRP box - thread leaks associated with
lower hoop modulus of elasticity of the FRP box.
6. Soil erosion leading to poor pipe support.

UEE SRR

Chemical degradation was deemed not to be a major factor in
failures. Unlined aromatic epoxy pipe has given 25 years of
life for flowlines in sour oil brine rod pumped wells, UV
degradation has been observed on above-ground piping, but is
normally limited to a thin layer near the surface and does not
appear to cause any significant strength degradation.

One major oil company operating in the Rocky Mountain area
encountered problems on an installation of FRP pipes.
Problems occurred on a 16 inch trunkline of adhesively
bonded FRP line pipe. The ends of the pipe were shaved prior
to bonding and left exposed to sunlight for an extended time.
The bonded joints did not develop adequate strength and the
line failed the hydrotest. The manufacturer covered the cost of
catting the ends and rejoining each pipe with a butt end and
wrap procedure. Despite the initial installation problems, the
repaired line has been in gas pathering service with 90% €O,
for over 10 years with no further operational problems.

Most of the failures reported by the Roval Dutch Shell group'®
have been the result of systemn design errors or poor
instailations. The main areas of concern are ieaking joints,
msufficient support, oversiressing pipe during installation and
expansion problems. With proper installation and materials
selection, a maintenance free life of 20 plus years can be
expected.

Erosion Resistance of FRP Systems. FRP product
manufacturers currently limit liquid velocity to less than 23
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fi'sec for low-pressure applications due to concerns for
-.erosion. Lindheim's study” was an effort to quantify erosion
nd cavitation effects in FRP piping for a number of resin
systems compared to 6Mo steel and titanium. FRP pipe
generatly showed higher erosion rates than 6Mo steel and
ttanium.  The erosion resistance of HD polyethylene and
polvpropylene was comparable to or better than metals or FRP
pipe. The fest results ranked the materials the same for
erosion by slurry impingement and for cavitation.

The matrix material was the controlling factor govemning
erosion resistance. Epoxy performed better than vinyl ester or
polvester. It was concluded that erosion resistance was
mmproved for materials exhibiting toughness at high strain
rates, good fiber matrix adhesion, and a resin rich liner which
was well adhered to the structural layer and reinforced with a
fine surface veil layer. The laminate should have low porosity
and a high volume fraction of fibers well bonded to the matrix.

The (LS. Navy has tested the erosion resistance of 2 inch
nominal diameter FRP pipe in flowing seawater compared to
90/10 and 70/30 Cu Ni piping®. No erosion was evident after
one year of exposure to seawater flows of 11 and 17 fi/sec and
after three months of exposure to seawster at 25 filsec. Air
saturated seawater jet-impingement produced ne erosion
damage after 60 days. In comparison, similar tests with both
CuNi alloys did show erosion damage. Composite pipe is

subject to fouling, but it is much more resistant to chlorination
- reatments typically used to remove fowling.

Downhole Tubing and Casing. FRP downhole tubing has
been available for as long as FRP line pipe, but has not
reached the same degree of utilization. There is considerable
industry literature imdicating that FRP tubing can be handled
and made-up using traditional equipment with minor
modifications.  Information readily available indicates that
one can hang FRP in the well, log through it, drill through it,
mill it and perform almeost all of the operations common to oil
and gas wells. FRP tubing is available in both threaded and
coupled and infegral jomt confipurations from suppliers who
provide line pipe.

The corrosion resistance and light weight properties of FRP
tubing make it a good candidate material for corrosive
environment applications as brine disposal [CLASS I1] wells,
completion of wells with corrosive fluids and  similar
applications. However, FRP tubing has not been successful in
claiming a significant portion of the downhole tubing market.
industry acceptance of FRP tubing has not been universally
achieved because of the following industry perceptions, One
concern 1¢ that FRP threads are subject fo rapid wear as the
result of normal make and break. The perceived field service
tife of FRP downhole tubing is 5 to 10 years primarily because
of pin thread wear. Farly applications of FRP tubing
gxperienced fajlure duning retrieval operations as the pipe
:nded to seize and was unable to take the high forque required
0 break apart the connections. At least two manufacturers

have developed products with couplings designed to resolve
this issue and improved performance is reported from the
field.

FRP tubing has been successfully used in the chemical
industry i wells up to 10,400 feet deep, with bottom hole
temperatures of 240°F. In these CLASS I apphications, the
tubing is subjected to a well integrity test every 12 months.

FRP pipe has been successfully used in recent years to repair
corroded casing®. In this application, tubing with minimal
collar upset is inserted inside the corroded and leaking steel
pipe and smaller diameter tubing is placed inside the larger
diameter FRP casing.

Practical problems cited with running, handling and operating
with FRP tubulars and casing include: (1) lack of consistency
in dimensions and pressure ratings between vendors, {2)
finding qualified personnel to install product, (3) obtaining
proper runting tools (i.e., elevator slips, BOP rams crushing
FRP joints), {4) fishing parted tubing or casing, aad (5)
perforating poorly cemented casing which shatters the FRP

pipe.

Sucker Reds. Only one of the eight oil companies
mnterviewed uses FRP sucker rods routinely and estimates 10-
15% of their rod purchases are FRP products. The FRP rods
are used primarily to unload gear-box torque on high fluid
level wells and high water volume wells.  Pump-off
controllers are always placed on wells with FRP rods to ensure
that the rods do not go into compression. The average well
depth is 6000 feet with a maximum depth of 10,000 feet. In
additton to the benefit of increased production, corrosion
ihibition efficiency is easier to achieve in wells with lower
fluid levels. Many wells with high fluid levels often develop
holes in the casing doe to poor distribution of corrosion
inhibiter and exposure to corrosive fluids.

FRP Sucker Rod Experience. Ghiselin™ showed that FRP
sucker rods offer distinct economic advantages under certain
well conditions. Wells with high fluid levels could often
produce more oil if the fluid levels were reduced. This
condition is also an indication that the equipment is operating
at capacity. High fluid level conditions can also result in
ineffective corrosion inhibition and rod failures. For new
installations, use of FRP rods that are 70% lighter than stecl
can result in the use of a smaller motor and gearbox and less
power usage. FRP rods can be dynamically tuned to provide
more stroke and pumping efficiency than steel rods. The
lower coefficient of friction of FRP also generally resulis in
less tubing wear.

Ghiselin™ presented data from three wells in the Clearfork
unit in Andrews County, TX, producing from 6000 feet with
high fluid levels and equipment overloads.  Mixed sirings of
FRP rods and steel rods {placed on the bottomn to keep the
string in tension and absorb compressive forces mear the
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pump) were run in all three wells. The net effects were that
- the total fluid production increased 28%, oil production rose
by 46.7 bpd (60.8%) with an average reduction in power
consumption of 20% per barrels fluid lifted per day. The
fiuid levels were reduced an average of 949 feet simplifying
corrosion freatrnent.  Annual increased profitability for the
three wells was $233,683 with a recovery of cost in 54 days.
If all of the remaining wells in the fleld were converted, it was
estimated a net profit gain of about §1 million could be
achisved per vear.

Taylor” describes the use of FRP sucker rods in a deep,
12,500 feet, West Texas well.  Lease expenses dropped 82%
after the instaliation of an FRP /steel red swring. Previously,
the well used & power oil jet pump system. The rod string
design consisted of 6188 feet of 1.25 inch FRP rods {50%),
2725 1t of 7/8 inch steel rods, and 3500 ft of 3/4 inch steel
rods. The fiberglass rod loading was 33% of the allowable
maximnum stress and pump plunger travel increased from 156
1o 196 inch at the pumped-off condition. Lease expenses
dropped from $7500/month to $1350/month. The system cost
of $100,000 was paid back in 1.4 years. The economic limit of
the well was lowered from 450 barrels of oil per month to 64
barrels ot per month, thereby increasing recoverable reserves
by 190,000 barrels.

Carbon Ribbon Sucker Rod. The carbon ribbon sucker
rod, developed for Amoco,24 in the configuration of a
spoolable tape with dimensions of 1.45 inch by 0.212 inch can
oe wound onto a six inch wide 10-foot diameter reel, and is
designed to be used in combination with steel rods at the
bottom of the well. The carbon based rod was conceived as a
system that could be used to increase production rates to levels
previously unobtainable, due to high stress loading in steel
rods and limited fatigue life in fiberglags reds. Because of the
light weight and flexibility, it conforms to well-bore
deviations with less rod/tubing friction than steel rods and
should reduce loading and improve energy efficiency for
pumping units.

The fatigue life of the carbon ribbon rod material is superior to
that of steel. At 10 mullion cyeles, carbon fiber composites
survive working at 60% of their ultimate strength, while steel
operates at 40% and fiberglass operates at only 20% of
uitimate tensile strength. The product is made from Thomel
T-300, 12K carbon fiber tow with a vinyl ester resin.  Kevlar®™
fibers are added to the edges of the rod to improve toughness
znd damage resistance.  The product can be made in
continuous 3000-foot lengths by a pultrusion process.

Tanks and Vessels. Use of FRP tanks onshore is declining
among major oil companies due to a concern regarding safety
for use of FRY tanks with hydrocarbons. In particular, there is
concem regarding the susceptibility of FRP tanks to lightning
strikes. Several companies indicated they are phasing out the
1se of FRP tanks due to the apparent concern about lightning
strikes and fires. A review of the use of tanks and vessels

offshore is presented in reference 25-27.

Some oil companies purchases FRP tanks which meet the API
12P specification, FRP tanks as large as 750 bamels are used
for water storage. They are also used for pit enclosures,
sumps, and chemical tanks. One oil company uses FRP tanks
of 500 barrels or less for salt water service and another oil
company estimates that 50% of their tank purchases in 1997
were FRP. These tanks are one-piece filament wound and
rated for atmospheric service only,  No hvdrocarbons are
allowed due to concem for Hightning strike.

Several methods have been devised to address the lightning
strike issue. Horizontal lightning rods are installed 20-30 feet
above the tanks. Another approach is to install a stainless
steel tubing in the tank running it to the bottom of the tank
through a packoff assembly at the top. The stinless stes!
tubing is then attached to a buried grounding red. Some
manufacturers are incorporating carbon fiber or carbon black
into the laminate or resin to make the tank walls more
conductive.

FRP tanks are used offshore for storage of diesel, lube oil, and
water. Fire tests conducied on FRP and metal storage tanks
containing hydrocarbons™ indicate an FRP tank performs
better in a fire than steel or aluminum tanks. The conductive
properties of metal allow the fluid to heat rapidly and
vaporize. Steel tanks can rupture and aluminum tanks can
melt if fire continues for an extended period of time.  Fires
involving metal tanks are difficult to extinguish because
leaking gas reignites on hot metal surfaces. The contents of
the FRP tanks stayed cooler (due to lower thernuml
conductivity} and FRP tanks remained leak free considerably
longer in a hydrecarbon pool fire,

New FRP Products and Emerging Applications
Several new products are under development or have been
introduced recently by manufacturers of FRP products. This
technology Is refatively new and is reported herein for
information and no endorsement of specific products is
tmplied or intended. Some of these new products are initially
targeted for offshore petroleum applications or the chemical
industry, but could also provide cost effective benefits for
onshore pefroleum production operations. In addition, the
study identified new application opportunities where
composite products could provide enabling capabilities or
extend the application operating temperature and pressure
ranges.

SSL FRP Piping. High pressure, large diameter piping
products called Steel Swip Laminate (SSL) pipe is being
developed by Ameron® SSL incorporates spirally-wound,
multiple layers of steel sandwiched between lavers of
fiberglass. Products are being developed in sizes of 8 inch to
40 inch diameter with operating pressures in the range 140-
350 var (2030-3075 psi). The temperature envelope is -40°F
o 230°F (-40°C to 110°C). This new product provides the
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opportunity to significantly expand the operating range for

... Corresion-resistant, large-diameter, high-pressure FRP pipe.

3'.-'.-".?5559 Resistant FRP Pipe. Ameron has developed a fire

resistant pipe called Bondstrand PSX based on a polysiloxane
phenelic resin®’. The phenolic resole resin system has been
modified with polysiloxane to enhance the fire and mechanical
perfommance properties.  Bondstrand PSX pipe, fittings and
adhesives have been tested and certified by third party
laboratories to verify performance against flame spread and
heat, smoke and toxic fume generation. These products have
received IMO Level 3 fire resistance acceptance by the United
State Coast Guard. The system is designed for operating
pressures less than 225 psi and is primarily aimed at use in fire
water and utility systems where fire resistant piping with low
smoke emissions and low toxicity are required. Pipe is
available In 1 thru 12 inch and can be made in 14 and 16 inch
sizes, if required.

Dual Containment Piping System.  Ameron has
developed the concept of coaxial pipe and fittings to address
the use of FRP pipe for dual containment applications.
Mechanical properties of this type of piping system are
expected to be better than single wall FRP pipe due to the
higher stiffiiess of the coaxial system. The cost of the coaxial
system is expected to be less than a pipe-in-pipe system. The
fittings are more compact than traditional pipe in a dual wall
system. Impact resistance testing has shown a 400% increase
in energy required to cause failure of the pipe.

Chemically Resistant and Damage Tolerant Resins.
Smith Fiberglass has introduced a new FRP piping system (Z-
CORE) developed with an advanced resin system formulated
for aggressive solvent and acid applications including
chemicals such as {luorobenzene, dichloroethane, chloroform
and 98% sulfuric acid.  The pipe is rated for 150 psig and
275°F in sizes 2 inch through 6 inch diameters.  Applications
for the onshore market might include drilling and workover
rigs handling aggressive acids and solvents. Smith Fiberglass
has also introduced a new FRP pipe (Cyonyx) based on
polydicyclopentadiene (DCPD) resin which is highly resistant
to degradation from aggressive chernical and to damage from
impact™. Initial tests on the material show it to be extremely
resistant to impact damage. Processing is fairly corpiex;
however, if fabrication methods can be developed, the
material would have merit for a much broader class of
structural configurations,

Spoolable Pipe. There was great interest from all
companies surveyed regarding new spoolable composite pipe
products for low pressure gathering lines and high pressure
water injection lines. A review of spoolable composite
products currently available and under development was
presented  at the Second International Conference on
Composite Materials for Offshore Operations. Companies
‘eveloping or marketing spoclable composite pipe products
Cachuder Hydril  Company,™ Compipe AS,” Fiberspar

Spoolable Products Inc.,”* Proflex Pipe Comporation,’” and
Tubes d’Aquitaine®®  Hydril is leading a NIST Advanced
Technology Project joint venture to develop a broad range of
spoolable high performance composite tubing products. The
joint venture is a five-year program initiated in 1995
Compipe is developing products for subses injection lines and
flowlines and recently announced a contract to supply 10
miles of spoolable composite pipe for high pressure subsea
methanol injection lines for the Asgard ficld in Norway,
Fiberspar’s efforts were initially in collaboration with
Conoco™ with primary focus on contposite coiled tubing, but
they have expanded the product line to include other
applications including line pipe and production tubing. The
Pro-Flex design consists of an inner thermoplastic liner
surrounded by multiple independent (unbonded) cylindrical
composite structural layers encapsulated in an outer cover.
The product is available commercially in 2, 3, and 4-inch
diameter sizes. Tubes d’Aguitaine is developing composite
pipe products constructed using thermoplastic resin. Royal
Dutch Shell conducted field trials in Oman on thermoplastic
line pipe made by Tubes d’Aquitaine from polyethylene resin
and aramid fiber with reportedly good resutls®,

Spoolable pipe has the potential to be applied onshore for
water injection lines, flowlines, and downhole tubing. It 1s
expected that the price of the pipe will be more expensive than
conventional FRP pipe, however, the cost of instafation
should be significantly lower and the corrosion resistance will
provide life cycle cost benefits. FElimination of most of the
connections reduces a common source for leaks thus providing
better reliability. The main limitation with spoclable pipe for
onshore applications will be cost and the maximum diameter
pipe which can be spooled and transported on roadways,

Cryogenic Fracturing. A new techniques for fracturing
downhole formations has been developed based on thermally
shocking the formation using liquid nitrogen®. The technique
uses FRP pipe to transport the liquid nitrogen to moderate
depth formations at typical fracturing rates and at cryogenic
temperatures (-320°F to -232°F) while protecting the casing
from thermal shock damage. At liquid nitrogen ternperatures,
steel pipe becomes brittle and may fracture. Construction of
all stainless steel surface piping, manifolding and wellhead
components prevents thermal confraction surface problems
and the use of free hanging FRP tubing insulates the casing
from thermal shock damage. Glass fibers are not affected by
the low temperature and the glass transition temperature of
epoxy resins used in making FRP pipe for the oilfield are in
excess of 200°F. Therefore, during use, the epoxy polymer is
in the glassy state and changes little in brittleness at
temperatures below the glass transition temperature whether at
room temperature (70°F) or at the temperature of lignid
nitrogen (-321°F).  FRP pipe has been deploved successfully
in field tests as tubing to transport liquid nitrogen downhole.

in-situ Processed Casing and Line Pipe Liners.
Composite products are under development which are mitially




8 J.G. WILLIAMS, S A, SILVERMAN

OTC 110682

fabricated in long lengths with an unpolymerized resin and
.. placed on a spool for transport.*’ The products called Casing-
Flex and Flextube are installed in a well or pipeline to repair
-~ defective casing or line pipe. The tube is pressurized and the
resin is cured insitu. The material can be manufactured in 4
inch to 14 inch diameters with lengths of over 3280 feet and
reeled on a drum. For monediameter drilling, very long tubes
can be used to replace the casing strings resulting in a
substantial decrease in volume driiled. For remedial relining
projects, short tubes that can pass through the production
tbing can be used to seal off perforations, repair corroded
casing or seal off side tracked holes. Casing-Flex can be run
with an electric wireline apparatus. This type of technology
could also make possible drilling and completing wells with
coiled mbing thus eliminating the derrick or draw works.

Higher Temperature and Pressure Capability, A need was
identified in the survey for FRP pipe capable of operating at
pressures and temperatures higher than currently available.
One company requested composite piping for gas flow lines
up to 660 psi and crude oil lines up to 1200 psi operating at
temperatures approaching 392°F (200°C). Resin systems
capable of operating in this temperature range are currently
available, but the cost would be significantly higher than
currently used epoxies. It remains to be seen if the market for
high temperature pipe would support the price required for
products.

Super-Critical CO,. A need exists for an FRP pipe capable
of transporting CO; af super-critical temperature and pressure,
FRP pipe suppliers have responded and producis with
ailemative resin materials are currently being evaluated in
field tests.

Lined Pipe Alternatives. Cement and FRP lined steel are
additional choices available to address onshore oilfield
corrosion probiems. Life expectancy for lined pipe is in
excess of ten years. To reduce the cost, used steel tubing in
inventory can be rehabilitated by cutting new threads, blast
cleaning and adding a lining of cement or FRP,

In addition to traditional alternatives, new liner technologics
are becoming available. HDPE liners are installed in standard
stee] tubes 1o provide added corrosion resistance. The liner is
not nermally bonded to the steel and can be subject to
cxplosive decompression if gases permeate the liner and rapid
pressure drops are imposed. Steel coiled tubing with a HDPE
liner is also being used in some completions

Cilfield Market for FRP Products

The worldwide market for FRP pipe products is estimated at
about $200 million. The total market for FRP pipe in the
Western Hemisphere is over $100 million and may be broken
down by regions as follows:

YISA 360 million
—anada %20 mitlion

Mexico $5 million
South America $235 million

The market is estimated to be divided into the following
applications:

Onshore Line Pipe 80%
Offshore Utility Piping 10%
Tubing 10%

The market for line pipe can be further segmented as follows:
25% gas gathering, 25% crude oil gathering (muitiphase
lines), and 50% salt water injection. The market for FRP
downhole tubing represents approximately $5,000,000 which
is only 2.5 % of total tubular sales.

Cost Comparison of Common Piping Materials

The aliematives commonly used for comosive service in
onshore oil fields are carbon steel with continuous corrosion
inhibition, HDPE lined steel, plastic coated steel, cement lined
steel, and type 316SS or duplex SS. Some use of PA
(polyamide liners) has recently been reported for higher
temiperatare applications,  For low pressure gas gathering
service, bare HDPE pipe is used by some operators. Detailed
economic calculations to determine life cycle costs must be
run on a specific project basis.  Figure 2, taken from z report
by Brouwer,'® shows the total installed CAPEX costs for PE
liners, PA liners, FRP, and RTP (reinforced thermoplastic
pipe). The installed cost of FRP or RTP pipe ranges from
cheaper to more expensive than carbon steel pipe. The steel
pipe does not include the cost of corrosion inhibitors or life
cycle costs.  Often the complexity of the piping system will
determine the choice of materials based on the munber of
fittings and the diameter of the pipe.

Conclusions.

This study indicates that currently available FRP pipe products
are being utilized in increasing quantities worldwide driven by
their corrosion resistant properties and associated cost
advantages. High potential also exists for products currently
in development to provide new capabilities including
improved damage tolerance and increased pressure and
temperature operating range. The high cost-savings available
should serve as an incentive to the growth of FRP pipe in
onshore operations.

The use of FRP pipe for flowlines and injection lines has
proven to be cost-effective in onshore operations where
corrosion is an issue. The current primary application for FRP
line pipe is small diameter lines (less than 6 inch diameter)
used for hydrocarbon gathering and water ijection
distribution operating at less than 2000 psi and at temperatures
tess than 200°F. There is a growing demand for low pressure
fines ( < 500 psi) in larger sizes (6 inch to 10 inch) fo permit
greater through-put of produced fluids in maturing water
floods. Although the installed cost of FRP pipe is usually
slightly higher than carbon steel pipe, FRP pipe can often
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provide significant cost savings {up to 70 percent) based on
life cycle costs.

- The study identified a need for FRP pipe capable of operating
af temperatures approaching 392°F (200°C) with gas pressures
up 1o 600 psi and crude oil lines with pressures up to 1160 psi.
Currently available advanced resin materials could be used to
serve this need if the improved performance justified the
higher cost. Water injection lines are required for pressures up
to 3050 pst and supereritical CO; service Hnes are needed for
usg in WAG applHcations. Six, eight and ten-inch lines with
pressure ratings as high as 5000 psi are needed. One supplier
recently intreduced & higher-pressure (5400 psi) pipe based on
reinforcing fiberglass pipe with circumferentially wound steel
strips.

FRP casing and tubing applications have been limited,
however, specialty applications such as the use of slimhale
FRP casing to repair the casing in old water injection wells
have been highly successful. New running technigues and
improved hanger/packers have been developed to facilitate
this process. API has for several years worked on a
specification for fiberglass tubing. [t is anticipated that final
resolution and publication of this document would help
expand the tubing application of FRP pipe.  Rescarch
conducted by the University of Houston™** could provide
the methodology to accurately predict failure under combined
loading. It may also be economical in the future to improve

* the performance of downhole tubing using low cost carbon
iber,

FRP sucker rod use appears atiractive for some applications
with case studies indicating a relatively short time for
ecenomic pay-back. Lowering the operating costs can also
aliow additional reserves to be produced from marginal wells.

Inferviews with corrosion engineers in oil companies
identified that the potential for lghtning strike and fire on
fiberglass tanks is a major concern. Tank manufacturers are
trying to address the concern by making the tank wall
conductive to drain off static charge.

Developments in emerging reelable composite technology and
spoolable composite tubing provide the enabling technology
for an all composite oil or gas well. The total cost and time
required to drill and complete wells could be reduced
significantly by eliminating the full-sized drilling rig, the size
of the drilling site, the volume drilled and by eliminating the
transport of heavy pipe. Drilling of slim hole monodiameter
wells using composite coiled tubing rig could reduce drilling
costs substanfially.  Completion of the wells could be
performed with coiled tubing equipment using spoolable
composite tubing. ~ Small diameter flowlines up to 4-inch
could also be installed using spoclable composite pipe.

% barrier to the expanded use of FRP products in U.S. onshore
. vilfields appears to be the lack of adequately trained personnel

to design FRP systems. This, in part, is due to the turnover
and downsizing of technical staff in the industry over the last
ten years. Younger staff members have very little exposure to
composite malerials, A training course is needed that would
address the practical aspects of design and installation of FRP
piping systems targeted for field facilities engineers of the oil
companies and design facilities engineers at engineering and
construction  firms.  The Composites Engineering  and
Applications Center at the University of Houston offered an
FRE pipe workshop in the fall of 1998 and plans to offer
additional courses in the future. Another training course is
needed which would help production technicians and
engineers understand how to successfully design and use FRP
products in downhole applications including topics such as
casing/liner installation for carbon dioxide wells, injection
tubing installation, design and use of FRP sucker rods and
utilization of new spoolable pipe products.
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Qil and Gas Development on the OCS in a
Low Oil Price Environment

Carolita U. Kallaur, Associate Director, Offshore Minerals Management
Remarks to Independent Petroleum Association of America

Good afternoon. It is my pleasure to be here today representing the Minerais
Management Service(MMS). | think we alt benefit from continuing to have a
dialogue on the many important issues facing government and industry today.

I would like to take this opportunity to talk to you about the role of MMS on the Quter
Continental Shelf (OCS) and how we look at oif and gas development from the
perspective of a regulatory agency. For those of you who are less famitiar with MMS
and what we do, | will give you a very brief iniroduction o the OCS Program and the
range of legal mandates that guide us. Then [ will tatk about how MMS is dealing
with the issues currently confronting us.

| hope that "WE", collectively, can try to figure out how best o deat with the
challenges and cpportunities before us. We at MMS do understand the effects that
low oil prices have on those of you in the oil and gas industry. The prices we've
seen in the last 3 to 4 months have been especiaily hard hitting. Finding ways to
provide some measure of relief to industry without compromising attainment of other
objectives is a high priority for us.

We've set up a team to address this issue and will be engaged in a continuing
dialogue with you and other constituents while we take a look at the avenues
available to us to help maintain a viable industry while meeting government
responsibilities and preserving competition.

As most of you know, MMS has 2 main functions -- to manage mineral exiraction on
the Federal Outer Continental Shelf and to coflect mineral revenues for all Federal
and Indian lands. We manage 1.5 billion acres of submerged lands on the OGS,
from which you and others produce 22 percent of our domestic oil and 27 percent of
our domestic natural gas. The Gulf of Mexico OCS has all but about 200 of the
almost 8200 active leases on the OCS and accounts for 88 percent of OGS oil
production and 89 percent of OCS natural gas production.

The MMS mandate is subject to a number of laws,including the National
Envirenmental Policy Act (NEPA), the Coastal Zone Management Act (CZMA), the
Oil Poliution Act of 1990, the Deep Water Royalty Relief Act, and, of course, the
OCS Lands Act. The OCS Lands Act assigns MMS several responsibilities. Among
these are:

* o expedite exploration & development of the OCS

* to protect the human, marine, & coastal environments

* o obtain a fair & equitable return for the public on OCS
rescurces, and

*  to preserve & maintain competition.

What's important to note is that--unlike the Department of Energy and other
agencies with more focused mandates--we're obliged to pursue a very broad range
of objectives and to do so under all market conditions. This means that we
sometimes are limited in what we can do to assist any specific group of
constituents. For example, we cannot seek to implement poiicies to favor
independents over the majors or vice versa. We really seek to maintain a level
playing field for alt parties concerned.

Before | talk about the issue foremost on your minds, | would like to touch upon
some changes we have been making in our regulatory program and some
international activities we are pursuing to make sure we influence decisions that will

http://www.mms.gov/eod/ckipaa.htm 4/7/1999
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someday affect us all.

MMS recognizes that technological advances alone are not enough to ensure safe
operations. As industry continues to come up with innovative ways o develop
offshore resources, MMS must also adapt its regulatory program to changing
realities. We continue to emphasize to industry the importance of having a
systematic approach to safety that stresses the human factor and its
interrelationship with safety management systems. We are also tailoring our
compliance program so that it focuses on those activities that pose the highest risk.
We will inspect those facilities with the greatest risk and pay less attention to the
good performers.

We are implementing reguiatory changes that reflect our emphasis on performance
over process. We will soon be proposing a rule that shifts the responsibility for
ensuring that workers are properly trained to the operator, replacing the current
requirement that training be carried out at MMS certified schools. We also are
entertaining requests for departures from our reguiations where a company can
assure an equal or higher level of safety and environmental performance.

Additionally, we are updating our regulations to ensure that operators with clear,
continual records of poor performance can be disqualified from operating on &
facility, operating in a region, or operating on the OCS, and ultimately can be
prohibited from acquiring any new leases.

And iastly, we also have developed a more extensive industry recognition program
that recognizes, not only companies, but individuals who demonstrate true
leadership. Our award ceremony is scheduled for Aprit 16 at the Renaissance
Houston Hotel.

The giobatization of offshore oil and gas operations has led to additional
opportunities for the MMS. As mare areas around the world are opened up to oil
and gas companies, there is a growing need for us to be aware of the activities of
international standard-setting bodies and the regulatory programs of other
governments. Our efforts focus on being proactive, not reactive. To this end we
have signed memoranda of understanding with China, Australia and, most recently,
Norway. We helped organize an international workshop on piatform
decommissioning with the Asia Pacific Economic Cooperation organization. We also
sponsored a forum on international regulatory practices at last year's Offshore
Technology Conference. MMS is a member of the International Regulators Forum,
which has representation from Canada, Norway, the United Kingdom, the
Netherlands, and Australia. We also are involved with the International Commiitee
on Regulatory Authorities Research & Development to share scientific research.

However, of all international work we are involved in today, the one that | believe will
have the most impact in the future is that involving international standards. Itis our
goal that we be able to contribute to sound technical decisions that reflect a careful
balancing of sometimes conflicting factors. This is a challenge for industry as weil
as government, and we are participating in the development of international
standards and guidelines through organizations such as the 130,

Two recent developments bring the importance of this issue to the fore. Last year
the Oslo-Paris Commission, which consists of members of the European Union plus
Norway, decided to ban disposal of platforms in most instances. This Commission is
also taking steps to ban the use of synthetic drilling muds, which may be very
important in deepwater operations. While these restrictions apply oniy lo European
waters, they become a standard against which we need to defend alternative
nolicies in international bodies such as IMO.

There also is movement in the Commission on Sustainable Development, which is
part of the United Nations, to set up a global authority for offshore oif and gas
operations. The U.S., both government and industry, needs to be an active
participant in these deliberations to ensure that any decisions reached reflect a
careful balancing of technical, environmental, and economic factors. MMS, for the
first time, has a marker in its fiscal year 2000 budget to reflect the importance of this
emerging issue.
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As a preamble to our discussion of the current low-price environment, let's briefly
look at how the situations facing us--both the industry and MMS--have changed
over the last 15 years. In 1982, during the boom years foliowing the overthrow of
the Shah of Iran, MMS was created as a bureau of the Department of the Interior
and, ultimately, given all OCS management responsibilities. in 1986, the worldwide
oil price bust had a devastating effect on the U.S. oil & gas industry, many iobs
were lost and economic activities were curtailed. As the situation lingered for years,
without any real improvement in external conditions, many of you responded to this
challenge by implementing internal changes and becoming more efficient.

Although a gradual recovery in energy prices cid provide some incentive to restart
U.S. activities, most oil and gas industry capital investment went overseas. This
"exodus,” combined with declining reserve projections, led to a perception by many
that the Gulf of Mexico was a "Dead Sea". In the 1990’s many technological
advances, especially the onset of powerful computer workstations, widespread use
of 3-D seismic, and improvements in horizontal drilling capabilities and subsea
completion methods, helped to rejuvenate the industry. Commercial subsalt
successes and the discovery of several deepwater elephants, coupled with
strengthening oil and gas prices, produced an industry poised to take off. And after
passage of the Deep Water Royaity Retfief Act in 1885, it did indeed take off.

The period of 1096-1997 was marked by record levels of leasing, exploration, and
development activity, particularly in the deepwater Gulf of Mexico. But here we are
today, once again facing devastatingly low oil prices. The drop in prices, beginning
in 1998 and most noticeable in the past 3-4 months, has begun to take its tolf on
industry activity, especially in shallow water.

As regulators, we cannot let some objectives be compromised hecause of low
orices or other hardships faced by our constituents, and we have to keep a
long-term perspective. | trust we all agree that it never makes good business sense
to compromise on safety and environmental protection. Clearly, we all suffer if
someone has a major accident. Public confidence is undermined, and restrictive
polices are more likely to be put in place. There are other issues where it is less
clear. Companies compete for leases with specified terms and conditions to include
such things as royaity rates and diligence requirements. Particularly in periods of
fow prices, there is interest by some parties in relaxing some of these requirements.

In regulating the industry, we try to assure that there is a level playing fisld, so we
have o be very careful about providing benefits to one set of constituents in a way
that harms others, including the public. Quiside of the deepwater Gulf of Mexico, we
have procedures to consider royalty relief for capital projects and end-of-life
properties. Although we must assure a fair return to the public for its resources, our
bottom-fine criterion is that we want to avoid losing production. We think if this
condition is met, relief is much more easily defended.

Relaxing diligence requirements is another issue because, in the end, we may be
rewarding those who delayed activity even though requirements were known up
front. At the same time, we don't want to foreciose discussion of the issues.

While we are considering a range of possible policy or other changes, there are a
fow actions that we either are implementing or expect to implement soon, First, for
the Gulf of Mexico, we are considering granting lessees one additional year before
they have to remove platforms after production ceases. This extension would expire
a year from issuance. Lessees, we hope, will have a somewhat better economic
climate by then to finance abandonment costs. We have issued new economic
assumptions for obtaining royaity relief in the deepwater of the Guif of Mexico. The
economic assumptions update those that were issued in November 1998 and that
were increasingly out of line with the current price of oil. We are also issuing
revisions to the MMS guidance for royaity relief, including conditions for applying for
relief outside of established programs. Both of these Notices to Lessees are on the
MMS homepage

In addition, we are working with the Department of Energy to take royalty in kind in
the Gulf of Mexico and use the oil we collect to fill the Strategic Petroleum Reserve.
This allows the Government fo use this opportunity to rebuild SPR inventories
during a period when oil prices are at historic lows. In regard to actions we're taking,
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proposals we just made public, other changes we're considering--and even changes
we don't now consider promising, we want to hear from you. Although many of our
objectives are not open for reconsideration, we are completely open to suggestions
as 1o how to achieve those objectives,

Eor exampie, we have indicated that we will not compromise on safety and
environmental protection, and that is true. However, even here, we are willing to
consider ways to make our regulations more efficient and grant departures where
satisfactory alternative measures are proposed. In the end, our major contribution
may not be a specific set of policies but rather a continuing commitment to improve
the efficiency of government and the regulaticns under which you operate,

As we move into the next century, to remain the best minerals manager possible,
our focus must be to continue to be aware of the latest advances in scientific
research technology and regulatory approaches. Our commitment to a high level of
environmental and safety performance must never waiver, We recognize that a
serious offshore accident can undermine public confidence in the program. And, in
all things, we must continue to engage our stakeholders in a dialogue that seeks to
incorporate best practices and benefit from the widest range of experiences
possible.

Our objective is to ensure that our Nation receives fair market value from offshore
leases through a well administered teasing program and regulatory measures that
optimize performance. We must be aware of international developments and how
they may affect our U.S. operations through cooperative relationships with other
regulators, and be a part of standards development efforts within international
organizations. By doing this, we will help to promote a healthy offshore industry that
provides needed energy and security benefits for our Nation.
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Memorandum of Understanding
Between
Minerals Management Service
U.S. Department of the Interior
and
United States Coast Guard
U.S. Department of Transportation

Ia. Purpose

This Memorandum of Understanding (MOU) defines the responsibilities of the Minerals
Management Service (MMS) and the United States Coast Guard (USCG) relating to managing
the activities of MODU’s, fixed, and floating systems. It is designed to minimize duplication
and promote consistent regulation of facilities under the jurisdiction of both agencies. This
MOU does not apply to deepwater ports as licensed by the Secretary of Transportation under the
Deepwater Port Act of 1974, as amended.

Ib. Scope

This MOU covers oil and gas activities located in the Quter Continental Shelf (OCS). However,
oil-spill preparcdness is for facilities located seaward of the coast line, unless noted otherwise.
Certificates of financial responsibility are for certain facilities located in the OCS and the State
waters included in the definition of Covered Offshore Facility found at 30 CFR 253.3. An MOU,
dated February 3, 1994, among the Departments of Transportation and the Interior and the
Environmental Protection Agency established junisdictional responsibilities for facilities located
both seaward and landward of the coast line.

1I. Definitions

For purposes of this MOU, the following definitions apply:

Act - The OCS Lands Act (OCSLA) -- 43 U.S.C. 1331 et seq.

Coast Line - The line of ordinary low water along that portion of the coast that is in direct contact
with the open sea and the line marking the seaward limit of inland waters, as defined by the
Submerged Lands Act (43 U.S.C. 1301 (¢)).

Quter Continental Shelf — The submerged lands that are subject to the Act.

OCS Activity - Any activity in the OCS associated with exploration, development, production,
transporting, or processing of OCS mineral resources including but not limited to oil and gas.
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QCS Facility - Any artificial island, installation, pipeline, or other device permanently or
temporarily attached to the seabed, erected for the purpose of exploring for, developing,
producing, and transporting resources from the OCS. This term does not include ships or vessels
for transporting produced hydrocarbons. The following are types of OCS facilities:

1. Fixed OCS Fagility - A bottom-founded OCS facility permanently attached to the seabed
or subsoil of the OCS, including platforms, guyed towers, articulated gravity platforms, and
other structures. This definition also includes gravel and ice islands and caisson-retained
islands engaged in OCS activities used for drilling, production, or both.

2. Floating OCS Fagility - A buoyant OCS facility securely and substantially moored so
that it cannot be moved without a special effort. This term includes tension leg platforms,
spars, semisubmersibles and shipshape hulls.

3. Mobile Offshore Drilling Units (MODU’s) - Vessels capable of engaging in drilling
operations for exploring or exploiting subsea oil, gas, or mineral resources.

OPA - The Oil Pollution Act of 1990 (Pub. L.. 101-380).

Regional Director (RD) - The MMS officer delegated the responsibility and authority for a
region within MMS. The USCG referrals for violations occurring in a particular MMS Region
would be made to that MMS Region's RD.

Regional Supervisor (RS)- The MMS officer (or the authorized representative) in charge of
operations within a Region.

Vessel - Every description of watercraft or other artificial contrivance used, or capable of being
used, as a means of transportation on the water. This term does not include atmospheric or
nressure vessels used for containing liquids or gases.

Violation - Failure to comply with the OCSLA, any regulations, or the terms or provisions
of leases, licenses, permits, or rights-of-way issued under the OCSLA.

FII. Responsibilities

The following table lists the lead agency for system responsibilities associated with MODU’s
and fixed and floating OCS facilities. Other agency roles are identified where applicable. The
lead ageney is responsible for coordinating with the other agency as appropriate. The
attachments to the table list the typical equipment that is included in the system.

The MMS and USCG will work together to develop the standards necessary to implement this

MOU. Where the agencies have overlapping responsibilities, they will work together to
minimize duplication.
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Attachment A

Drilling, Completion, Well Servicing and Workover Systems

System requirements for operating the following equipment and

systems:
- Drilling, production, and workover risers

- Blowout prevention equipment and control systems

- Drilling system and related relief valves, vent system,
pressure vessels and piping, pumps, water systems, safety
systems, cementing systems, and circulating systems

- Riser and guideline tensioning systems
- Motion compensation systems

- Instruments and controls

- Atmospheric vessels and piping

- Fitness of the Drilling Unit

- Lifting and hoisting equipment associated with the derrick

- Cementing systems
- Circulating systems, including:
pipes and pumps for mud;
shale shakers;
desanders;
degassers.
- Structures including derrick and sub-structure
- Bulk material storage and handling systems

- Other pressurized systems designed for
operations

industrial
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Attachment B
Production Systems

Includes but not limited to the following equipment:

- Hydraulic systems

- Connections between preduction and workover
{industrial} systems

- Production safety systems including subsurface and
surface well control

- Relief valves, relief headers, vent and flare systems
- Production wells and wellhead
- Well-handling equipment {contract dritling rig)

- Instrumentation, controls, and measurement {including
oil and gasjs

- Gas compression

- Process system and related pumps

~ Qdorization for gas piped into enclosures

- Process system and related pressure vessels and piping

- Process system and related heat exchangers, including
waste heat recovery units

- Chemical injection and treatment systems
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Attachment C
Fire Protection, Detection and Extinguishing

Includes the following equipment:

- Deluge systems in the wellbay area

- Firewater pumps, piping, hose reel and monitor equipment
- Foam extinguishing equipment

- Fixed gaseous extinguishing equipment [carbon
dioxide{CO2) and halon alternatives]

- Fixed watermist extinguishing equipment
- Portable and semi-portable extinguishers

- Fire and smoke detection {excludes interfaces to MMS
regulated safety systems)
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IV. Civil Penalties

The USCG reports violations of OCSLA statutes or regulations that may result in civil penalty
action to MMS. The USCG will investigate and document OCSLA based violation cases
according to the procedures in 33 CFR 140.40 with the following clarification:

1. The cognizant Officer-in-Charge, Marine Inspection {OCMI) makes the determination
whether a violation "constitutes or constituted a threat of serious, irreparable, or immediate
harm.” If the OCMI determines:

a. That it does, then the OCMI will refer the case to MMS and recommend that a civil
penalty be assessed.

. That it does not, then the OCMI will establish a reasonable time for the violator to fix
the problem. The OCMI may do this in consultation with MMS, particularly on matters
in which MMS has expertise or knowledge of industry practice. If the violator does not
correct the problem, or does not file an appeal with the appropriate USCG official in the
allotted time, the OCMI will refer the case to MMS, pursuant to 43 USC 1348 (a).

When referring a case to MMS, the OCMI will forward the following information:

i. The case file, which consists of a summary of the investigation and a USCG
determination of the regulations violated.

ii. A description of the seriousness of violation and any incidents actually associated with
the violation.

iii. If requested, additional information concerning the merits of a civil penalty action. All
physical evidence remains with the USCG, but available to MMS upon request.

2. If the violator files an appeal of a USCG’s enforcement action the USCG will not forward the
case to MMS until the appeal has been resolved,

3. Upon receipt of the violation report, the MMS Regional Civil Penalty Coordinator will
appoint a Reviewing Officer (RO) who will process the report in accordance with the MMS OCS

Criminal/Civil Penalties Program Guidebook.

4. Notification of the MMS RO’s decision regarding the civil penalty assessment, collection,
compromise, or dismissal shall be provided to the OCMI originating the violation report.
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V. Oil Pollution Responsibilities
A. Certificates of Financial Responsibility (COFR)

1. The MMS issues certifications of oil-spill financial responsibility for certain facilities located
in the OCS and State waters included in the definition of Covered Offshore Facility found at 30
CFR 253.3. The COFR ensures that responsible parties can pay for cleanup and damages from
facility oil spills.

2. The MMS will provide COFR-related information to the USCG upon request. Upon request
from the USCG, MMS will provide available information for any covered OCS facility (COF) in
certain OCS and the State waters included in the definition of Covered Offshore Facility found at
30 CFR 253.3 that are involved in an oil pollution incident including:

(1)} Copies of the lease, permit, or right of use and easement for the area in which the COF
is located;

(2) Contacts for claims;

(3) Agents for service of process;

(4) Amounts guaranteed; and

(5) List of all responsible parties.

3. The USCG issues COFR for vessels and floating OCS facilities which store oil. This COFR
is in addition to the MMS COFR and addresses the operator’s financial responsibility for the
clean up and damages from oil discharges resulting from non-well-related sources and produced
oil stored onboard the floating OCS facility.

B. Oil Spill Preparedness and Response Planning

1. The MMS, for all facilities seaward of the coast line, requires that responsible parties
maintain approved Oil Spill Response Plans (OSRP) consistent with the area contingency plan;
cnsures that response personnel receive training; and that response equipment is inspected. The
MMS will require unannounced oil-spill response drills. The MMS RS will advise the Federal
On Scene Coordinator (FOSC) of drills to coordinate participation, and avoid conflict or
duplication.

2. The USCG Captain of the Port serves as the pre-designated FOSC in accordance with the
National Contingency Plan. The appropriate FOSC will also jointly approve OSRPs for floating
facilitics which store oil. Participation in MMS drills will be at the discretion of the FOSC. The
FOSC will advise the MMS RS of spill-response drills and activities, such as exercise and
response activities, occwrring on facilities seaward of the coast line.
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C. Spill Response

1. All spills are required to be reported to the National Response Center (NRC). The NRC
provides nofification to the appropriate agencies and State offices. Additionally, OCS facility
owners or operators are required to report spills of one barrel or more to the MMS RS.

2. The FOSC will direct and monitor Federal, State, and private actions, consult with responsible
parties, and determine the removal action. The MMS RS will direct measures to abate sources of
polution from an OCS facility. However, if a discharge poses a serious threat to public health,
welfare, or the environment, in accordance with Public Law 101-380 (OPA) Sec. 4201, the
FOSC may mitigate or prevent the substantial threat of a discharge and notify the MMS RS as
soon as possible. The MMS will authorize the return of an OCS facility to operation in
coordination with the FOSC.

V1. Exchanging Services and Personnel

To the extent 1ts own operations and resources permit, each agency will provide the other agency
with assistance, technical advice, and support, including transportation, if requested in
accordance with 43 U.S.C. 1348. Exchange of services and personnel is non-reimbursable
(except for pollution removal funding authorizations for incident specific fund access). The
assistance may extend to areas beyond the OCS where one Agency's expertise will benefit the
other agency in applying and enforcing its safety regulations,

VIIL. Other Cooperative Functions

1. Both agencies will exchange data and study results, participate in research and development
projects, and exchange early drafts of rulemaking notices to avoid duplicative or conflicting
requirements.

2. Both agencies will review current standards, regulations, and directives and will propose
revisions to them as necessary in keeping with the provisions of this MOU,

3. Both agencies will review reporting and data collection requirements imposed on operators of
OCS facilities and, where feasible, elimmate or minimize duplicate reporting and data collection
requirgments.

4. Each agency will conduct scheduled and unannounced inspections to ensure compliance with
its own requirements. If the inspector notices deficiencies that fall within the responsibility of
the other agency, the deficiency will be reported to the other agency for action. However, if the
deficiency may cause serious or irreparable harm to persons, property, or the environment, the
nspector may take the necessary preventative action. The preventative action will then be
reported to the other agency.
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VIII. Accident Investigations

The MMS or the USCG is responsible for conducting investigations and preparing a public
report for each major fire, oil spillage, serious injury, and fatality associated with OCS activities,
To avoid duplication of effort and to simplify administration, the responsibility for investigating
and preparing a public report for these incidents rests with the agency that is listed im Section 1l
as being responsible for the system associated with the incident. In addition, the MMS
investigates blowouts and the USCG investigates collisions.

For those incidents for which both agencies have an investigative interest in the system
associated with the incident, one agency will assume lead investigative responsibility with
supporting participation by the other agency. The jead agency in a joint investigative effort shall
investigate and prepare, approve, and release the report in accordance with the normal procedures
of that agency, subject to the following terms and conditions:

1. The lead agency shall be determined through mutual agreement. If mutual agreement is
not reached, each agency may decide to conduct its own investigation.

2. The specific details of a supporting agency’s participation in a joint investigation shall be
determined on a case-by-case basis through mutual agreement.

3. Prior to the public release of a joint agency report, the supporting agency will be afforded
an opportunity o comment on the report. If the supporting agency’s conclusions and/or
recommendations differ with those of the lead agency, either both conclusions and/or
recommendations will be included in the lead agency’s report in a mutually acceptable
manner, or a joint report will not be issued, and each agency may issue separate reports.

IX. Implementing this MOU

1. Each agency will review its internal procedures and, where appropriate, will revise them to
accommodate the provisions of this MOU. Each agency will also designate in writing one senior
official who will be responsible for coordinating and implementing the provisions of this MOU.

2. Each agency will designate regional officials to be responsible for coordinating and
implementing the provisions of this MOU in their respective regions,

3. The USCG--MMS MOU concerning regulation of activities and facilities in the OCS, dated
August 29, 1989 is canceled on the effective date of this agreement.

4. If new technology (or new uses of current technology) require a change to this MOU, the
MMS regional office and appropriate USCG district will work together to reach an agreement.
The MMS regional office and the USCG district will notify their respective Headquarters office
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of any change. If the MMS regional office and the USCG district office can't reach an
agreement, it will be elevated to MMS and USCG Headquarters. The new policy will become
part of a revised MOU the next time the MOU is revised.

X. Savings Provision

Nothing in this MOU alters, amends, or affects in any way the statutory authority of MMS or the
USCG.

XI. Effective Date

This MOU is effective upon signature.

XJI. Termination

Both parties may amend this MOU by mutual agreement and either agency may terminate it with
a 30-day written notice.

Signed at Washington, D.C,, December 16, 1998,

bl
0

BTl o A T I
?o andant, Difettor
A. Coast Guard \Ttﬁnerais Management Service,
Department of Transportation Department of the Interior
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lemorandum

U.S. Dapartmeant
of Transportation

United States
Coast Guard

subject. POLICY FILE MEMORANDUM ON THE FIRE pae 2 8 MAY TORR
PERFORMANCE REQUIREMENTS FOR PFM 1-98
PLASTIC PIPE PER IMO RESOLUTION A.753(18) 16714

. . . X Reply tg G-MSE-4
erom: Chief, Office of Design and Engincering Standards Afinof g Myskowski
202-267-0169

Ta:  Distribution

1. PURPOSE: This Policy File Memorandum (PFM) provides guidance on the fire test
requirernents for type approval of plastic pipes for use on ships as set forth in IMO
Resolution A.753(18), Guidelines for the Application of Plastic Pipes on Ships, and as
required by 46 CFR 56.60-25(a). This PFM also provides guidance on fire test requirements
for plastic piping for use in specific locations unique to offshore oil platforms.

2. APPLICABILITY: This Policy File Memorandum addresses the fire performance of
plastic piping for use on inspected vessels, including mobile offshore drilling units
(MODUSs) and floating production platforms. it is not intended to eliminate any other design
criteria or requirements pertaining to the material, construction, or performance of the plastic
piping in the non-fire condition, nor is it intended to be applied retroactively to applications
that have previously received approval on a case-by-case basis. The MODUs and floating
production platforms affected by this PFM include all those subject to the MODU
regulations per 46 CFR, Subchapter I-A and/or the IMO Code for the Construction and
Equipment of Mobile Offshore Drilling Units, 1989.

3. BACKGROUND: The International Maritime Organization (IMO), recognizing that
there is an increasing interest within the marine industry to use materials other than steel for
pipes and that there were no specific requirements for plastic pipes in the existing
international regulations, adopted Resolution A.753(18) on 4 November, 1993, Guidelines
for the Application of Plastic Pipes on Ships. Subsequently, the Coast Guard adopted the
IMO Guidelines as an option to the existing federal regulations on nonmetallic piping
materials in 46 CFR 56.60-25. In application of these Guidelines to actual test procedures
and data, the Coast Guard has determined that there are certain areas which need further
consideration and clarification.

4. DISCUSSION: This policy file memorandum addresses qualification and testing of
piping for fire endurance, flame spread, smeke, and toxicity. The guidelines given in
enclosures (1) and (2) are intended to clarify and supplement IMO Resolution A.753(18).




PFM 1-98, 16714

SUBI: POLICY FILE MEMORANDUM ON THE FIRE PERFORMANCE
REQUIREMENTS FOR PLASTIC PIPE PER IMO RESOLUTION A.753(18)

Enclosure (1) provides information of a general nature with respect to the fire testing and
type approval of plastic piping per IMO Resolution A.753(18). Enclosure (2) provides
information specific to certain MODUs and floating production platforms and allows
deviation from A.753(18) based on their unique layout and operating corditions.

5. ACTION:

3.1 The enclosed guidelines shall be used for the testing and approval of plastic piping,
fittings and joints intended for use on inspected vessels, including MODUs and floating
production platforms, in accordance with 46 CFR. 56.60-25(a) and IMO Resolution
A.753(18).

3.2 Questions arising which pertain to specific issues not addressed in this policy should be
referred to the Commandant {(G-MSE-4), U.S. Coast Guard Headquarters, 2100 Second St.,
5.W., Washington, DC 20393-0001.

Ml hsholf

MARK G. VANHAVERBEKE
CAPTAIN, US COAST GUARD

Dist:  G-MSE MSC
G-MOC G-MSE-3
G-MSO G-MSE-4

Encl: (1) Guidelines on the Fire Testing Requirements for Plastic Pipe per IMO
Resolution A.753(18)

(2) Guidelines on the Fire Endurance Requirements for Plastic Pipe for Use on
Mobile Offshore Drilling Units and Floating Production Platforms
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1 General

1.1 As part of the Coast Guard's ongoing harmonization of federal regulations with
international safety standards, IMO Resolution A.753(18) was adopted into Title 46 of
the Code of Federal Regulations, Subchapter F, on September 30, 1997. In application
of IMO Resolution A.753(18) to actual test procedures and data, the Coast Guard has
determined that there are certain areas which need further consideration and clarification.
These guidelines are intended to accomplish this need in the area of fire performance
testing and type approval of plastic pipe.

2 Testing Laboratories

2.1 The laboratory conducting the testing discussed below shall be an accepted
independent laboratory in accordance with 46 CFR 159.010. In addition, when
conducting the flame spread, smoke and toxicity tests detailed in these guidelines, the
laboratory must be in compliance with IMO Resolution MSC.61(67), The International
Code for Application of Fire Test Procedures (FTP Code).

2.2 The results of fire endurance testing conducted by a laboratory not in compliance
with section 2.1 above may be used in an application for approval under these guidelines
if:

2.2.1 the testing was conducted prior to the promulgation of these guidelines; and,

2.2.2 it is demonstrated that the testing laboratory would have complied with the
requirements of 46 CFR 159.010-3 at the time the testing was conducted.

3 Piping Material Systems

3.1 All fire endurance, flame spread, smoke, and toxicity testing, where required, shall be
conducted on each piping material system.

3.2 Changes in either the type, amount, and/or architecture, of either the reinforcement
materials, resin matrix, liners, coatings, or manufacturing processes shall require separate
testing in accordance with the requirements of IMO Resclution A.753(18) and of these
guidelines.
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4 Fire Protective Coatings"

4.1 Where a fire protective coating is necessary for achieving either the fire endurance,
flame spread, or smoke and toxicity criteria, the following requirements apply:

4.L.1 Pipes shall be delivered from the manufacturer with the protective coating on, in
which case on-site application of protection would be limited to what is necessary for
installation purposes (e.g. joints). Alternatively, pipes mayv be coated onsite in
accordance with the approved procedure for each combination, using the approved
materials of both pipes and insulation, subject to onsite inspection and verification.

4.1.2 The liquid-absorption properties of the coating and piping should be considered.
The fire protection properties (e.g. fire endurance, flame spread, smoke production, etc.)
of the coating should not be diminished when exposed to salt water, oil or bilge slops.

4.1.3 Fire protective properties of coatings should not degrade due to environmental
effects over time, such as ultraviolet rays, exposure to salt water, temperature and
humidity. Other areas to consider are thermal expansion, resistance against vibrations,
and elasticity.

4.1.4 The adhesion qualities of the coating should be such that the coating does not flake,
chip, or powder when subjected to an adhesion test.

4.1.5 The fire protective coating should be resistant to impact.
5 Level 3 Fire Endurance

5.1 In order to demonstrate compliance with Appendix 2, Test method for fire endurance
testing of water-filled plastic piping (Level 3), of IMO Resolution A.753(18), the
following additional procedures should be followed:

5.1.1 All ﬁypical joints and fittings intended to be used shali be tested. Elbows and bends
need not be tested provided the same adhesive or method of joining utilized in straight
piping tests will be used in the actual application.

5.1.2 Qualification of piping systems of sizes different than those tested shall be allowed
as provided for in Table 5.1.2 below. This applies to all pipe, fittings, system joints
(including joints between non-metal and metal pipes and fittings), methods of joining,
and any internal or external liners, coverings and coatings required to comply with the

¥ Because there are currently no widely accepted standards for fire protective coatings as applied to plastic
piping, the Commandant{G-MSE-4) will evaluate test data and information and determine the acceptability
of such testing and information on a case-by-case basis.
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performance criteria.

5.1.3 No alterations to couplings, fittings, Joints, fasteners, insulation, or ather
components shall be made after the commencentent of the fire endurance testing(e.g.
flange bolts shall not be re-torqued after completion of the fire exposure testing, prior to
hydrostatic testing; post fire hydrostatic testing shall be conducted without altering the
component in any way).

criteria are utilized. Sprinkler and deluge system Piping required to meet Level | or
Level 2 fire endurance requirements must meet the acceptance criteria per IMO
Resolution A.753(1 8), Appendix 1.

Table 5.1.2, Qualification of Piping Systems of Sizes Different than Tested

Size* Tested, Minimum Size* Approved, Maximum Size* Approved, |
mm mm mm
0 to <50 Size Tested Size Tested
>50to <152 Size Tested <152
>152 to <300 Size Tested <300
>300 to <600 Size Tested <600
>600 to <800 Size Tested <900
>900 to <1200 Size Tested <1200 N

* Size refers to the actual outside diameter of piping.

6 Flame Spread

6.1 All pipes, except those fitted on open decks and within tanks, cofferdams, void
spaces, pipe tunnels and ducts, should have low flame spread characteristics as
determined by test procedures given in IMO Resolution A.653(16), Recommendation on
Improved Fire Test Procedures for Surface Flammability of Bulkhead, Ceiling and Deck
Finish Materials, and as modified for pipes in Appendix 3 of IMO Resolution A753(18).

6.2 When conducting flame spread testing of plastic piping in accordance with Appendix
3 of IMO Resolution A753(18), testing need not be conducted on every pipe size.
Testing should be conducted on piping sizes with the maximum and minimum wall
thickness intended to be used. This will qualify ail piping sizes for a specific piping
material, provided that the wall thickness falls within the tested range.
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6.3 The test specimens need not be wrapped in aluminum foil as required in section 8.1.1
of IMO Resolution A.653(16).

7 Smoke and Toxicity Test Requirements

7.1 Piping systems meeting the smoke and toxicity classification criteria specified in
Annex 1, Part 2 - Smoke and Toxicity Test, of IMO Resolution MSC.61(67), may be
installed in concealed or inaccessible spaces in accommodation, service spaces and
control stations and need not meet the additional requirements in 46 CFR 56.60-25(2)(2).

7.2 When smoke and/or toxicity testing is conducted, the following shall be required:

7.2,1 The test shall be conducted in accordance with Annex 1, Part 2 - Smoke and
Toxicity Test, of IMO Resolution MSC.61(67) with the following modifications:

7.2.2 Testing should be conducted on piping sizes with the maximum and minimum wall
thicknesses intended to be used. This will qualify all piping sizes for a specific piping
material, provided that the wall thickness falls within the tested range.

7.2.3 The test sample should be fabricated by cutting pipes lengthwise into individual
sections and then assembling the sections into a test sample as representative as possible
of a flat surface. All cuts should be made normal to the pipe wall.

7.2.4 The number of sections that must be assembled together to form a square test
sample with sides measuring 75mm, should be that which corresponds to the nearest
integral number of sections which will result in a test sample with an equivalent
lincarized surface width between 75mm and 90mm. The surface width is defined as the
measured sum of the outer circumference of the assembled pipe sections normal to the
lengthwise sections.

7.2.5 The assembled test sample should have no gaps between individual sections.

7.2.6 The assembled test sample should be constructed in such a way that the edges of
two adjacent sections should coincide with the centerline of the test holder.

7.2.7 The test samples should be mounted on calcium silicate board and held in place by
the edges of the test frame and, if necessary, by wire.

7.2.8 The individual pipe sections should be mounted so that the highest point of the
exposed surface is in the same plane as the exposed flat surface of a normal surface.




PFMI1-98, 16714, Enclosure (1)

GUIDELINES ON THE FIRE TESTING REQUIREMENTS FOR PLASTIC PIPE
PER IMO RESOLUTION A.753(18)

7.2.9 The space between the concave unexposed surface of the test sample and the
surface of the calcium silicate backing board should be left void.

7.2.10 The void space between the top of the exposed test surface and the bottom edge of
the sample holder frame should be filled with a high temperature insulating wool where
the pipe extends under the frame.

7.2.11 When the pipes are to include fireproofing or coatings, the composite structure
consisting of the segmented pipe wall and fire proofing shall be tested and the thickness
of the fireproofing should be the minimum thickness specified for the intended usage.

7.2.12 The test sample should be oriented in the apparatus such that the pilot burner
flame will be normal to the lengthwise piping sections.

8 Information Required

8.1 In addition to the information required by the various standards referenced in this
policy, the following information shall be provided to Commandant {(G-MSE-4), 2100
Second St., S.W., Washington, DC 20593-0001:

8.1.1 a test report containing the information required by 46 CFR 159.005-11

8.1.2 maximum allowable working pressure of piping;

8.1.3 piping sizes to be approved,;

8.1.4 locations and applications that approval is requested for;

8.1.5 all piping system joints and fittings to be approved;

8.1.6 piping system adhesives to be approved; and,

8.1.7 the installation procedures manual.
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APPENDIX A: ALTERNATIVE ACCEPTANCE CRITERIA FOR SPRINKLER AND
DELUGE SYSTEM PIPING REQUIRED TO MEET LEVEL 3 FIRE ENDURANCE
TESTING PER A.753(18), APPENDIX 2

TESTING

I. During the test, no leakage from the sample(s) should occur except that slight weeping
through the pipe wall may be accepted.

2. After termination of the burner regulation test, the test sample, together with fire
protective coating, if any, should be allowed to cool to ambient temperature and then
hydrostatically tested to the rated pressure of the pipe(s) as defined in paragraphs 2.1.2.2
and 2.1.3.2 of IMO Resolution A.753(18). Where practicable, the hydrostatic test should
be conducted on bare pipe; i.e. pipe which has had all of its coverings, including fire
protection insulation, removed, so that leakage will be readily apparent.

3. The pressure should be held for a minimum of 15 minutes and the average leakage rate
per minute and the pressure shall be recorded.

4. From this information, a leak rate factor (LRF) shall be derived for each pipe section,
fitting or joint in the following manner:

For pipe sections with no joints or fittings

ng
LRF = ——E
L E‘4 Bnawp
and for joints and fittings
Qav*}'
LRF, = =
})H'f{.*'vt:p’
where

LRE, 18 the Leak Rate Factor for pipe sections per linear foot of pipe,
LRF, is the Leak Rate Factor for joints and fittings,
0, 1s the average 15 minute leakage rate at the rated pressure in gpm, and

L, o 18 the hydrostatic pressure during the test in psig.

5. From the leak rate factors, "K" factors and "K/L" factors shall be determined for the
size range of pipe sections, joints, and fittings that may be qualified per section 5 of these
guidelines, in the following manner:
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For pipe sections with no joints or fittings

- ‘D{:cnml
K/L= B LRF,,

fext

and for joints and fittings

’d ‘Dacmai
K, = o LRF,

st

where

K/ L isthe "K/L" factor for pipe (gpm/psig'?/ft),
K, is the "K" factor for each joint type (gpm/psig'?),,
D,,... 1s the inside diameter (inches) of pipe size for which a "K" factor is desired, and

4

D, 1s the inside diameter (inches) of the pipe subjected to the level 3 fire endurance test.
6. The "K" and "K/L" factors for pipe sections, fittings, and joints for the range of pipe
sizes for which type approval is granted shall be listed on the type approval certificate.

HYDRAULIC DESIGN PROCEDURES

1. In the hydraulic design of a sprinkler system or deluge system, the following
procedures shall be followed:

The system shall be designed per NFPA 13, NFPA 15, or another recognized industry
standard applicable to the system, assuming no leakage from joints, fittings or pipe
sections.

Virtual sprinkler heads shall be added (as discussed below) to account for the expecied
leakage rate from the pipe sections, joints and fittings. The hydraulic calculations for the
systemn shall be re-calculated to ensure that the system will operate normally under the
increased water demand. This can be verified by ensuring that the hydraulically most
remote nozzle will operate at the minimum required pressure and flow rate when the
virtual sprinkler heads are included in the calculations. A check should be made to
ensure that the maximum working pressure of the sprinkier or deluge nozzles, pipes and
fittings will not be exceeded when no leakage from the piping system occurs.

The increased flow rate required for a system when the virtual sprinklers are added
to the hydraulic calculations shall not exceed 110 % of the flow rate required for the

system without the addition of the virtual sprinkler heads.

2. Virtual sprinkler heads shall be added as follows:
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For each straight section of piping of a given diameter, a virtual sprinkler head shall be
added at the mid-point of the pipe section. The "K" factor of the virtual sprinkler head
shall be calculated as the product of the length of pipe and the "K/L" factor listed on the

type approval.

For each joint or fitting for a given pipe diameter, a virtual sprinkler head shall be added
at the location of the joint. The "K" factor of the virtual sprinkler head shall be as listed
on the type approval certificate.

For deluge system piping, virtual sprinkler heads shall be added for all plastic piping
downstream of the water supply valve.

For sprinkler system piping, with fusible heads, virtual sprinkler heads shall be added for
all plastic piping located only in the hydraulically most remote required area of sprinkler
operation,
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APPENDIX B: EXAMPLE OF LEAKAGE RATE DATA REPORTING

Company: ABC FRP MFG
Pipe Tested: Iceman, 2" Nominal Pipe Size (3 tests)
Summary: Three IMO level 3 fire endurance tests were performed to qualify pipe sizes
from 2" up to 6" per section 4.2 of the guidelines. Test I was conducted on a straight
section of pipe only. Test 2 was conducted on the permanent joint type. Test 3 was
conducted on the flanged joint type. The results of the hydrostatic pressure tests are listed
below. During the fire endurance tests, no leakage was noted from any of the samples.
Measured Data:

Pressure Test (MAWP): 250 psig

Leak Rate (straight pipe): 0.5 gpm (Test 1)

Leak Rate (permanent joint): 1.0 gpm (Test 2)

Leak Rate (flanged coupling): 1.5 gpm (Test 3)

Calculated Data:
LRF,, (straight pipe): 0.0226
LRF, (permanent joint): 0.0632
LRF, (flanged coupling): 0.0949

PIPE QUALIFIED BASED ON TESTS ABOVE

Nominal | Pipe Section/Joint Inside D, ua/Die | K/L Factor K Factor
Pipe Size, Diameter, (straight (joints)
In. In. pipe)
2 straight pipe 2.067 1.0 0.0226 -
permanent joint 1.0 - 0.0632
flanged coupling 1.0 - 0.0949
2.5 straight pipe 2.469 1.19 0.0269 -
permanent joint 1.19 - 0.0752
flanged coupling 1.19 - 0.1129
3 straight pipe 3.068 1.48 0.0334 -
permanent joint 1.48 - 0.0935
flanged coupling 1.48 - 0.1404
3.5 straight pipe 3.548 1.72 0.0389 -
permanent joint 1.72 - 0.1087
flanged coupling 1.72 - 0.1632
4 straight pipe 4.026 1.95 0.0441 -
permanent joint 1.95 - 0.1232
flanged coupling 1.95 - 0.1851
5 straight pipe 5.047 2.44 0.0551 -
permanent joint 2.44 - 0.1542
flanged coupling 2.44 - 0.2316
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1 General

1.1 IMO Resolution A.753(18) was developed and intended primarily for seagoing ships.
These policy guidelines are intended to allow deviation from IMO Resolution AT53(18)
based on the unique layout and operating conditions found on mobile offshore drilling
units (MODUSs) and floating production platforms. Deviations from IMO Resolution

A 753(18) have previously been allowed on a case-by-case basis in certain fire main
system and deluge system plastic piping applications. These guidelines have been
developed as a result of several successful applications as well as extensive fire testing
conducted by the Coast Guard, foreign regulatory agencies, and manufacturers of plastic

pipe.

1.2 The fire endurance requirements matrix, Appendix 4 of IMO Resolution AT53(18)
does not adequately address the application and location of certain plastic fire main and
deluge piping systems. These guidelines are intended to supplement IMO Resolution
A.753(18) in the arcas where it is lacking and are intended to be entirely consistent with
the IMO document. Therefore, the expanded use of plastic piping on MODUs and
floating production platforms is permitted subject to the limitations and testing
requirements discussed below. During plan review, the Marine Safety Center (MSC) has
the authority to determine the extent and application of these guidelines. The
replacement of existing steel or metallic piping with plastic piping on existing MODUs
and floating production platforms will require prior review and approval by the Officer in
Charge of Marine Inspection (OCMI).

2 Pefinitions

Deluge System: A piping system employing open nozzles attached to a piping system
connected to a water supply through a valve that is opened by the operation of a detection
system installed in the same areas as the nozzles. When this valve opens, water flows
into the piping system and discharges from all nozzles attached thereto.

Open Deck: A deck which is completely exposed to the weather from above and from at
least two sides.

Semi-enclosed Location: A location where natural conditions of ventilation are notably
different from those on open decks due to the presence of structures such as roofs,
windbreaks, and bulkheads, and which are so arranged that the dispersion of gas may not
occur.
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3 Fire Main

3.1 Plastic fire main system piping installed on offshore floating drilling and production
platforms may meet the Level 3 fire endurance requirements as specified in IMO
Resolution A.753(18), in lieu of the Level 1 or Level 2 requirements specified in IMO
Resolution A.753(18), Appendix 4, when the below conditions are satisfied. In all other
cases, plastic fire main system piping shall meet the fire endurance requirements
specified in A.753(18), Appendix 4.

3.1.1 Plastic piping must be located on the exterior perimeter of the platform and
shielded by primary structural members from potential sources of fire which may occur
on or emanate from the platform.

3.1.2 Plastic piping must be located so that pooling of flammable liquids below the
piping is not possible. ‘

3.1.3 The fire main system design shall be such that the plastic sections are continuously
maintained in the wet condition.

3.1.4 The fire main shall be equipped with an adequate number of isolation and cut-off
valves such that, if a section of the system were to fail, it could be isolated and the
remainder of the system would remain capable of supplying fire water.

4 Deluge System

4.1 Deluge piping systems installed on offshore floating drilling and production
platforms shall meet the fire endurance requirements for water spray systems as specified
for various locations in IMO Resolution A.753(18), Appendix 4. Deviation from these
requirements will be allowed for piping installed in open deck or serni-enclosed locations
provided the piping and the piping system satisfy the requirements specified in sections
4.1.1 through 4.1.8 below.

4.1.1 The deluge system piping must meet the Level 3 fire endurance requirements as
specified in IMO Resolution A.753(18) and further clarified in Enclosure (1) of PFM 1-
98.

4.1.2 In addition to meeting the Level 3 fire endurance requirements, the deluge system
piping must meet the requirements of the wet/dry fire endurance testing specified in
section 4.9 below. Other wet/dry fire endurance test methods that may be equivalent to or
more severe than the methods described herein will be considered on a case-by-case
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basis. Other methods that have been accepted as of the date of this policy are described
in the Appendix to these guidelines.

4.1.3 An automatic fire detection system shall be installed in areas protected by the
deluge system.

4.1.4 The deluge system shall be designed to activate automatically, with no human
action necessary to set it into operation, upon detection by the automatic fire detection

system.

4.1.5 Each section or area served by a deluge system should be capable of being isolated
by one water supply valve only. The stop valve in each section should be readily
accessible and its location should be clearly and permanently indicated.

4.1.6 Means should be provided for preventing the water supply valves from being
operated by an unauthorized person.

4.1.7 The design of the deluge system shall be such that upon fire detection, the time
required to have water flowing through the hydraulically most remote nozzle shall be less
than one minute. This shall be verified by system testing at the time of installation and at
subsequent annual inspections.

4.1.8 The deluge system piping must be located downstream of the water supply valve.
All piping upstream of the water supply valve must meet the requirements for fire main
and water spray systems as specified in IMO Resolution A.753(18), Appendix 4.

4.9 The wet/dry fire endurance testing shail consist of conducting the Level 3 fire
endurance testing specified in Appendix 2 of IMO Resolution A,733(18) with the
following modifications to the test conditions:

4.9.1 For the first 5 minutes of the test, the piping shall be maintained in the dry
condition at atmospheric pressure in lieu of containing stagnant water.

4.9.2 After completion of the first 5 minutes of the test, the pipe specimen shall be
completely filled with flowing water.

4.9.3 Air shall be bled from the opposite end of the piping via a test connection until a
steady flow of water at the specified flow rate and pressure is observed. The flow rate
should not exceed the minimum pressure and flow rate that will be observed at the
hydraulically most remote nozzle of the specific deluge system installation. The period
from the time of first introducing water to the test specimen until the specified flow rate
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and pressure is obtained, shall not exceed one minute. Testing at the specified flow rate
and pressure will qualify the piping for all flow rates greater than that specified in the
test.

4.9.4 The total test time including dry and wet time shall be 30 minutes.

4.9.5 All other requirements of Level 3 testing shall be followed without deviation.
Alternative acceptance criteria as described in Enclosure (1) of this PFM, may be utilized
in lieu of the Acceptance Criteria specified in Appendix 2 of IMO Resolution A.753(18).
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APPENDIX: ACCEPTABLE ALTERNATIVE WET/DRY FIRE ENDURANCE TEST
METHOD

Wet/Dry Jet-Fire Endurance Testing”
1 Test Method

The test method shall be as set forth by the UK., Health & Safety Executive, Offshore
Technology Report, OTI 95 634, Jet-Fire Resistance of Passive Fire Protection Materials,
Sections 7, 8, 9, & 10, with the modifications and additions discussed herein. Where
sections of OTI 95 634 refer to specific test specimens, the requirements for tubular
sections shall be used.

The piping section, joints or fittings shall be centered in the box so as to be exposed to
conditions of direct impingement from the jet flame.

2 Test Specimen

Each pipe should have a length of approximately 3 meters. The test pipe should be
prepared with the permanent joint and/or fitting showing the most vulnerability {(highest
leakage rate) when tested to the Level 3 fire endurance test per IMO Resolution
A.T53(18). Additional test specimens may be tested, however, they will not be required
provided that the piping system has been tested to the IMO Level 3 fire endurance

requirements.

If the insulation contains, or is liable to absorb moisture, the specimen should not be
tested until the insufation has reached an air-dry condition. This condition is defined as
equilibrium with an ambient atmosphere of 50 % relative humidity at 20 = 5 °C,

The outside diameter of piping shall not exceed 0.35 meters.

3 Test Conditions

The test conditions shall be as set forth in sections 4.9.1, 4.9.2, and 4.9.3 of these
guidelines, The duration of the test shall be 20 minutes.

" This test method is currently being refined by the Fire Endurance Section of ASTM Designation: F1173
and will be a referenced standard when completed,
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4 Acceptance Criteria

The acceptance criteria shall be the same as set forth in Appendix 2 of IMO Resolution
A.753(18) except that the maximum leakage rate when hydrostatically tested to the rated
pressure, after the jet-fire exposure shall not exceed 10% of the flow rate of water used
during the test.
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(a) Marine Safety Manual. Volume 11, paragraph 5.C.6

. PURPOSE: This Policy File Memorandum provides guidance on the fire test
requirements for use of fiber reinforced plastic (FRP) gratings and ceble trays and will be
incorporated as a change to reference (a).

2. APPLICABILITY: This Policy File Memorandurn addresses the fire performance of
FRP grating and cable trays for use on inspested vessels, including mobile offshore drilling
units (MODUs) and floating production platforms. It is not intended to eliminate any other
design criteria or requirements pertaining to the material, construction, or performance of the
grating in the non-fire condition, nor is it intended to apply retroactively 1o applications that
have previously recejved approval on a case-by-case basis.

3. BACKGROUND: FRP gratings and cable trays are desirable for use in the marine
environment because of their light weight, low thermal conductivity, and resistance to
corrasion. However, these materials are typically combustible and exhibit mechanical
properties different from steel and thus require careful consideration with respect to fire
integrity, combustibility, and smoke generation. As a result of the development of this
policy, the use of FRP grating can be expanded beyond the current guidance in reference (a)
with confidence that the overall level of fire safety will be maintained.

4. DISCUSSION: This Policy File Memorandum addresses qualification and testing of
FRP grating for structural fire integrity, and updates the requirements for flame spread,
smoke, and toxicity testing of FRP gratings and cable trays. Enclosure (1) provides the fire
testing requirements necessary for using FRP grating and cable trays in various locations and
services,
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SUBJ: POLICY FILE MEMORANDUM ON THE USE OF FIBER REINFORCED
PLASTIC (FRP) GRATINGS

5. ACTION: Enclosure (1) of this PFM shall be consulted in lieu of paragraph 5.C.6 on
pages 5-4 and 5-5 of Volume II of the Marine Safety Manual. This PFM shall remain in
effect until enclosure (1) is incorporated as a change o the Marine Safety Manuel. Questions
ansing which pertain to specific issues not addressed in this policy should be referred to the
Commandant (G-MSE-4), U.S. Coast Guard Headquarters, 2100 Second St S.w.,
Washington, DC 20593-0001.

TNl S hdlocih

MARK G. VANHAVERBEKE
CAPTAIN, US COAST GUTARD

Dist: G-MSE
MSC
G-MSE-4

Enct: (1) Future Change to the Marine Safety Manual, Volume II, paragraph 5.C.6, Fiber
Reinforced Plastic (FRP) Gratings :

(2} Marine Safety Manual section being rép}acad by this PFM
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5.C.6. Eiber Reinforced Plastic (FRP) Gratings.

s, General,

(1) FRP gratings are not specifically addressed in the individual vessel regulations. .
However, the resins typically used in the manufacture of these gratings are
combustible and heat sensitive; therefore, FRP gratings use must be limited based
on the requirements discussed below. e

(2) These requirements are not intended to eliminate any.other design criteria or
requirement pertaining to the material, construction, or performance of the FRP
gratings in the non-fire condition.

b. FRP Grating Materia] Systems.

(1) All fire integrity, flame spread, smoke, and toxicity testing, where required,
shall be conducted on each material system.

{2) Changes in either the type, emount, and/or architecture, of either the -
reinforcement materials, resin matrix, coatings, or manufacturing processes shall
require separate testing in accordance with the procedures below. Manufacturers
should provide evidence, such as enrollment in a foliow-up program, that the FRP
gratings being installed are the same as those which were tested and approved.

c. Testing Laboratories and Approval.

(1) The testing laboratory conducting the fire testing described below shall:

(a) be engaged, as a regular part of its business, in performing inspections and
tests that are the same or similar to the tests described below:

(b) have or have access to the apparatus, facilities, personnel, and calibrated
instruments that are necessary to inspect and test the FRP gratings; and

(¢) not be owned or controlled by the manufacturer of the FRP gratings.

(2) Requests for approval shall be submitted to the Commandant (G-MSE-4) 2100
Second St., S.W., Washington DC, 20593-000] and shall include the following:

(a) atest report containing the information required by 46 CFR 159.005-11; and

(b) alistof the FRP gratings and grating systems for which approval is
requested.
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d. EFire Test Reguirements.

(1) Structural Fire Integrity” — The structural fire integrity matrix in paragraph
5.C.6.f establishes the structural fire integrity characteristics that FRP gratings
should possess, based on location and service. Where a specific epplication
satisfies more than one block in the matrix, the highest level of fire integrity shali
be required. The test procedures required to qualify FRP gratings to one of three
levels are described in paragraph 5.C.6.e. The Marine Safety Center (MSC)-and/or
the OCMI shall determine the location and service of the FRP gratings keeping in
mind the following considerations for each of the three performance levels:

(a) Level 1 (L1): FRP gratings meeting the L1 performance criteria are
intended to be satisfactory for use in escape routes or access for firefighting,
emergency operation or rescue, after having been exposed to a significant
hydrocarbon or cellulosic fire incident. In addition they are also acceptable for
the services and functions described for levels L2 and L3,

(b) Level 2 (L2): FRP gratings meeting the L2 performance criteria are
intended to be satisfactory for use in open deck areas where groups of people are
likely to assemble such as temporary safe refuge or lifeboat embarkation areas.
In addition they are also acceptable for the services and functions described for
level L3.

(¢} Level 3 (L3): FRP gratings meeting the 1.3 performance criteria are intended
to be satisfactory for use in egress routes and any areas that may require access
for firefighting, rescue or emergency operations during exposure to or shortly
after exposure to a transitory hydrocarbon or celiulosic fire.

(2) Fire Retardance — All FRP gratings should be fire retardant; this can be
demonstrated by testing to ASTM E-84, Standard Test Method for the Surface
Burning Cheracteristics of Building Materials with a flame spread rating not to
exceed 25 or by meeting the requirements in paragreph 5.C.6.d(3)(a) or (b) below.

(3) Flame Spread — All FRP gratings, except those fitted on open decks and within
tanks, cofferdams, void spaces, pipe tunnels and ducts, should have low flame
spread characteristics as determined by one of the following test procedures:

(a) tested to ASTM E-84 with a flame spread rating not to excead 20; or

" The structural fire integrity requirements are intended for self-supporting personnel platforms or
walkways and are not intended for grating overlayed on steel decking or used in other applications such as
pipe guards, seachest screenings, safety guards, etc. '
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(6) tested to IMO Resolution A.653(16), Recommendation on Improved Fire
Test Procedures for Surface Flammability of Bulkhead, Ceiling and Deck Finish
Materials and meeting the criteria for buikheads, linings, or ceilings.

(4) Smoke Generation — FRP gratings within accommedation, sarvice and control
spaces, should have low smoke characteristics as determined by one of the
following test procedures:
{a) tested to ASTM E-84 with u smoke developed rating not to exceed 10; or
(b) tested in accordance with the IMO Fire Test Procedures Code (FTPC),
Resolution MSC.61(67), Part 2 - Smoke and Toxicity Test, and meeting the

criteria established for materizals used as bulkheads, linings, or ceilin gs.

¢. Structurel Fire Integrity Test Procedures.

(1) Level 1 —To be qualified as level 1 (L1), the FRP gratings shall meet the
requirements for qualification as level 3 and level 2, and in addition shall be
subjected to the following test procedures:

(2) Three (3) FRP grating specimens, after being subjected to the level 2 testing,
shall be unloaded and prepared for Impact testing in the manner specified for
horizontal specimens in ASTM E-698, Standard Method of Meesuring
Resistance of Wall, Floor, and Roof Construction to Impact Loading. The test
specimens shall be secured as required in section 8.3 of ASTM E-695 except
that the span shall be 200 mm less than the specimen length, A lead shot bag of
40 kg mass shall be dropped once from a height of 2 m such that the point of
impact is in the center of the span. The specimens shall then be uniformly
loaded as required by the level 2 test procedures.

(b) The test will be considered successful if all three (3) specimens remain
intact after being subjected to the impact test and the level 2 loading test.
Failure will be indicated by collapse of one or more of the gratings.

(2) Level 2 — To be qualified as level 2 (L2), the FRP gratings shail meet the
requirements for qualification as level 3, and in addition shall be subjected to the
following test procedures:

(2) On the FRP grating specimen and the steel grating specimen subjected 10 the
level 3 post-loaded testing, the specimen shall be gradually loaded in increments
not to exceed 20 kg, placed in such a manner as to represent a uniformly
distributed load across the span.
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(b) The test will be considered successful if the FRP grating remains intact at 2
load greater than or equal to a uniform 4.5kN/m? (94 IbER) or greater than or
equal to the stee grating failure loading, whichever is less. Failure will be
indicated by collapse of the grate.

(3) Level 3 - To be qualified as level 3 (L3), the FRP gratings should be subjected
to the following fire test procedures for both the post-loaded and pre-loaded tests
and conditions; '

(8) A fire test will be conducted in accordance with ASTM E-119, Standard
Test Method for Tests of Building Construction and Materials. Two tests shall
be conducted in the ASTM E-119 furnace for each ERP grating design. The
first fire test shall be conducted with the specimens under the specified load
(pre-loaded) and the second fire test will be conducted on unloaded specimens
(post-loaded). The time-temperature curve shall be the standard for E-119 or the
ISO equivalent. The duration of the tests shall be as specified below.,

(b) Each test specimen shall be 300-350 mm wide fo allow for the differences in
the spacing of longitudinal supporting members. The length of each test
specimen shall be the length of the maximum span to be seen in service plus 200
mm. Four test specimens shall be prepared as described above; two of the
proposed FRP gratings and two of 2 similar steel gratings that would be used in
the same location constructed to the epplicable regulations and standards (steel
gratings rated at a minimum of 4.5 kN/m?® (94 I6§f%) uniform loading with a
1.67 factor of safety are acceptable). :

(c) The pre-loaded test shall consist of the following:

(1) one steel grating specimen and one FRP grating specimen shall be placed
adjacent to one another in the furnace simply supported on two I-beams with
& minimem flange width of 100 mm at an elevation of at least one half of the
firnace height or a minimum of 300 mm above the burners;

(i) the specimens shall be placed on the I-beams such that 100 mm of each
side of the specimen rests on each of the two I-beams;

(it} a static load represented by a 40 kg mass shall be placed in the center
span of the test specimens;

(1v) the 40 kg mass load shall consist of a steel container filled with sand, the
base of which shall be square with an ares of 0.9 m’;

(v) arrangements shall be made to measure the deflection at the center of the
span of each of the loaded specimens during the test with a degree of
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accuracy of £5 mm.

(vi) the two specimens shali be subjected to the time-temperature curve
specified in the ASTM E-119;

(vii) deflection of the two loaded test specimens shall be measured
throughout the duration of the fire test and the average furnace ternperature
shall be recorded when cach of the two specimens has deflected a distance of
L/10 (failure point) from the horizontal where L is equal to the maximum
unsupported span of the specimens; and

(viit) the test will be considered successful if the difference between the
average furmnace temperature at the time of failure of the steel grating and the
average furnace temperature at the time of failure of the FRP grating is less
than 100 °C (180 °F).

(¢) The post-loaded test shall consist of the following:

(i) one steel grating specimen and one FRP grating specimen shall be placed
adjacent to one another in the furnace simply supported on two I-beams with
a minimurm flange width of 100 mm at an elevation of at least one half of the
furnace height;

(iiy the specimens shall be placed on the I-beams such that 100 mm of each
side of the specimen rests on each of the two I-beams;

(iii) the two specimens shall be subjected to the time-temperature curve
specified in the ASTM E-119 for a duration of 60 minutes;

(iv) at the end of the 60 minutes the specimens will be allowed to cool and
shall then be subjected to a static load represented by the 40 kg mass
specified in the pre-loaded test above, placed in the center span of the test
specimens; and

(v) the test will be considered successful if the FRP grating specimen is
intact at the end of the test and does not collapse under the 40 kg mass load.

The remainder of this page intentionally left blank.
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f. Structural Fire Integrity Matrix.

Location } Service Fire
Integrity
Machinery Spaces | Walkways or areas which may be used for escape, or L
access for firefighting, €mIergency operation or rescue
Personnel walkways, catwalks, ladders, platforms or L3
access areas other than those described above o
Cargo Pump All personnel walkways, catwalks, ladders, platforms L1
Rooms Or access areas
Cargo Holds Walkways or areas which may be used for escape, or LT
access for firefighting, emergency operation or rescue
Personnel walkways, catwalks, Jadders, platforms or None |
access areas other than those described above required
Cargo Tanks All personnel walkways, catwalks, ladders, platforms None |
Or access areas required?
Fuel O1! Tanks All personnel walkways, catwalxs, ladders, platforms None
Or access areas required?
Ballast Water - All personnel walkways, catwalks, ladders, platforms None
Tanks O &ccess areas required’
Cofferdams, void ™ | All personnel walkways, catwalks, Jadders, platforms None
spaces, double OF BCCESS ATeas : required®
bottoms, pipe
tunnels, ete.
Accommodation, | All personnel walkways, catwalks, ladders, platforms Ll
service, and Or access areas
contro! spaces -
Lifeboat All personnel walkwazys, catwalks, ladders, platforms L2
embarkation or Or access areas
temporary safe
refuge stations in
open deck zreas
Open Decks or Walkways or areas which may be used for escape, or L3f
semi-enclosed access for firefighting, emergency operation or rescue
areas Personnel walkways, catwalks, ladders, platforms or None
access areas other than those described above required

'If the machirery space docs not contain any internal combustion rmachinery, other otf buming, oil heating,
or o pumping units, fuel ¢i! filling smations, or other potential hydrocarbon fire sources and has not more
than 2.5 kg/m” of combustible storage, gratings of L3 integrity may be used i liey of L1

*If these spaces are normally enteted when underway, gratings of L1 integrity shall be required.

*If these spaces are normally entered when underway, gratings of L3 integrity shall be required.

‘Vessels fired with deck foam firefighting systems requise gratings of LI integrity for foam system
operational ateas and access routes.
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g Other Authorized Uses.

(1) The OCMI may authorize the use of FRP gratings without Commandant
approval in applications where structural fire integrity of the FRP gratings is not a
concem, provided they meet the applicable fire retardance, flame spread and smoke
generation requirements as set forth in paragraphs 5.C.6.d(2), (3), & (4).
Applications where the use of FRP gratings have been authorized in the past,
without any structural fire integrity requirements, include the following: . ..

(a) sea chest coverings:

(b) small sundeck awnings and supports;

(c) lifeboat bilge flooring;

(d) electrical coatrol flooring;

() pipe guards on deck, in cargo holds, and in enginercoms:

(f) removable guards over hawseholes, anchor hawsepipes, and scuppers;

(g) personnel barriers, such as protection for electrical panels; and

(h) ship staging and work platforms {Occupational Safety and Health
Administration (OSHA) requirements may also apply).

5.C.7 Fiber Reinforced Plastic (FRP) Cable Trays.

a. General. Cables should be supported by mmetal hangars as required by section 20.5
of IEEE Standard 45, Recommended Practice for Electric Installations on Shipboard.
FRP cable trays may be used anywhere provided:

(1} they are fire-retardant as described in section 5.C.6.4(2) ebove;

(2) they comply with the applicable flame spread requirements for FRP gratings
specified in paragraph 5.C.6.d(3) above;

(3) they comply with the applicable smoke generation requirements for FRP
gratings specified in paragraph 5.C.6.d(4) above; and

(4) their failure, will not cause the cables they are supporting to fall and hinder
escape or access by firefighters.
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b. (cont'd) The use of lap-welded sesgzs in tank barges shouyld be
discouraged, but not prohibirted unless the inspector finds & failure
to meet these requirements.

Single-Dogged Hatches And Scuttles. Hatcher on inspected vessels are
generally subject to the approval of the OCHI, according to their
suitability for the intended locations oo board and their use. There is
no provision for type approval and they are not normally seen in detail on
plans submitted for the OCMI's approval.

Fiberglasse Gratings.

a. General. Fiberglass gratings are not specifically addressed in the
" individusl vessel regulations. However, fiberglass is combustible;

therefore, its use wust be limited based on the general requirements
to reduce hazards from fire. Basically, fire-vetardant fiberglass wmay
be used enyvhere except in sccommodation areas, and in &ny other area
where their failure could hinder escape or access by firefighters.
Although all fiberglase must be fire=retardani, there sre no Coast
Guard approvals for fire-retardant fiberglass gratings or cable
trays. However, the OCMI may authorize its use in perticuler
installations, considering the fire retsrdance. apd the criteris in
subparagraph 5.C.6.c below. The manufacturer should provide the Coast
Guard inspector with appropriste test dats; & report showing & flame
spread rating less than 25 according to the American Society for
Testing Msterials (ASTHM) Standard E~84 would conmstitute appropriate
evidence. Fiberglass cable trays may be used in exterior locations
and in machinery spaces, provided that they are not instaslled in
concerled gpaces.

b. Restrictions On Use. Fiberglass gratings may nof be used within the
zccommodation ares nor in areas where their failure could hinder
escape or firefighter access. Vessels fitted with deck fosm
firefighting systems cust have steel or equivalent access to the foam
monitors.

¢. Authorized Uses. Since the approval of fiberglass cable trays &nd
gratings 1s so dependent on the specific locatica and application, it
is not possible for the Commandant to grant general approvals. In the
past, however, the use of fiberglass gratings aboard inepecred vessels
has been authorized in the following areas:

(1) Sez chest screenings;
(2) Swmall sundeck awnings and supports;

(3) Lifebost bilge flooring;
(4) Electrical centrol flooring;

(3) Pipe guards on deck, in cargo holds, and in enginerooms ;

5
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5.C.6.c. {6) Fore and aft main deck catwalks;

(7} Hsin deck crossover catwalks;

(8) Removable guards over hawseholes, anchor hawsepipes, and
scuppers;

(9) Personnel barriers, such as protection for electrical panels;

{10) ladders, platforms, and catwalks located within double bottoms,
bilges, peak tanks, fuel ranks, liquid bulk carge canks, and
other spaces not noruglly entered when undervay;

(11) Ship staging 2nd work platforms {Occupational Safety and Health
Administration (OSHA) requirements may also applyl;

(12) Platforms and laddere located on radar, radio, or other
electrical gpparatus maste;

{13} Platforms or walkwvays on kingposts;

(14) Overlxzy on existing weather decks to provide glip resistant,
self~draining walking surfaces;

(15) Overley on steel decking sround electrical equipment to pravide
for insulstion and safety of personnel; znd
(16) Elevated flooring in boatswain's lockers. {
SR ———e g

> CHANGE

Tenk Vessel Repairs, Alterations, And "Hot Work." The problem of avoiding
cesualries om tank vessels under repair is extrewely complicated, due to the
possible presence of explosive gases and sources of ignition created by the
use of flame or spark producing tools. No repairs or alterations involving
the safety of & fank vessel may be made until the requirements of 46 CFR
35.01-1 have been met. These regulations set forth the provigions under which
s certified marine chemist will make g decision s to whether the work can be
sccomplished safely (see secrion 5.1 below). A tank vessel may have "ot
vork" performed in or on the boundaries of & tank previously containing
flammable liquids only after the tenk has been cleaned aud gas—freed by
conventional methads, and when the surrounding tanks have been cleaned and
gas-freed or inerted with carbon dioxide or wster. 33 CFR 126.15(c} applies
to vessels conducting hot wvork while moored at designated waterfront
facilities.

E. Inspection And Repair Of Tank Barges.

1. Introduction. Tank barges employed primarily ia river or inlaend service
are generally towed alongside or pushed shead, as opposed to being towed
estern. Barges in these gservices are subjected to rigors of locking and
fleering operations that are not normally experienced by seagoing barges
or self-propelied vessels. 4c & result, some distinct structural problems
have evolved. -
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